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Membrane fouling is one of the major obstacles for the wide-scale application 
of Ultrafiltration (UF) membrane in reusing secondary effluents (SEFs). 
Identification of major foulants and prediction of fouling propensity of SEFs 
are of crucial importance to understand and control fouling. To date, many 
studies have been conducted to elucidate the effects of water characteristics on 
UF fouling and develop fouling indices and models to predict fouling. 
However, conflicting results still exist in identifying the major foulants and 
understanding their specific roles in fouling development. The effect of water 
characteristics on fouling reversibility is still unclear. A standard and reliable 
fouling index to evaluate fouling propensity of SEFs has yet to be established, 
and the predicting tool base on fouling index is still in lack. Therefore, the 
aims of this study were to: i) identify the major foulants contained in the 
domestic and industrial SEFs and investigate the effects of these major 
foulants on fouling development; ii) identify the reversibility of the major 
foulants and investigate the effects of water characteristics on fouling 
reversibility; and iii) establish and validate a modified fouling index to predict 
fouling propensity of SEFs and apply the built fouling index in establishing 
the predicting model.  
Filtration experiments fed by various domestic and industrial SEFs were 
conducted using a flat sheet UF membrane. It was found that the UF 
membrane could largely reject particles with size larger than 0.3 µm due to 
size screening and dissolved organic matters with large molecular weight 
(MW) ranging from 15 to 300 kD. Biopolymers were largely rejected via size 
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screening; whereas hydrophobic organics (HOC), humics (including fulvic and 
humic acid-like substances), building blocks and low molecular weight (LMW) 
neutrals were marginally removed due to the interaction between them and 
membrane, as well as fouling layer.  Over the filtration run, a trend of stage-
wise trans-membrane pressure (TMP) evolution was observed with an initial 
period of slow TMP raise (2 − 3 h) and followed by a rapid and linear TMP 
increase (around 60 h), indicating that cake filtration was the dominant process. 
Rejection of biopolymers increased with filtration time due to the reduction in 
the cake layer permeability and narrowing of the membrane pores. The 
rejection of humics initially increased but subsequently decreased, which 
might be attributed to initial adsorption and subsequent desorption of them 
when the saturation status of adsorption was achieved. At the end of the dead-
end filtration run, particles and biopolymers were found to substantially 
accumulate in the bulk solution except the low molecular weight organics. 
These rejected and accumulated components might be the potential foulants 
for UF membrane. 
On the other hand, filtration runs in a hollow fiber UF membrane system with 
backwashing and air scouring were carried out to investigate the 
characteristics of the reversible and irreversible fouling. The observed high 
removal of particles and low removal of dissolved organic matters were 
similar to those observed in the flat sheet system. The removal of biopolymers 
(average 40%) and inorganic colloids (average 38%) were significant due to 
size exclusion. The removal of humics, HOC, building blocks and LMW 
neutrals were as low as 3 to 8%, and the removal of such small organics 
proved to be mainly caused by cake layer retaining. Over the dead-end 
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filtration, particles, biopolymers and inorganic colloids, except small organics, 
accumulated significantly in the bulk solution, which was in line with the 
results obtained from the flat sheet membrane system. Unlike the situation in 
the flat sheet system, stable rejection of biopolymers was observed, suggesting 
the periodic removal of cake layer by backwashing together with air scouring. 
By comparing the foulants in the bulk solution with that in the membrane 
fouling layer, biopolymers, inorganic colloids and calcium were found to be 
more prone to transport back into the bulk solution, rather than stay on the 
membrane surface, indicating their higher hydraulic reversibility than the other 
components such as building blocks and LMW neutrals. 
Furthermore, foulants on and in the fouled membrane were desorbed and 
analyzed. It was found that physical and following chemical cleaning 
recovered around 87 and 8% of membrane permeability, respectively. The 
physically reversible foulants were found to be mainly comprised of: i) 
organic particles and inorganic particles/colloids (poly hydroxides or oxide 
hydrates of Al, Si and Ca) due to sieving effect; ii) biopolymers due to size 
screening and LMW substances except humics in a relatively small amount via 
their interaction with fouling layer; and iii) divalent ions (calcium) via the 
formation of organic-ion complex. Hydraulically irreversible but chemically 
reversible foulants were mainly attributed to: i) organics with smaller size and 
higher hydrophobicity such as building blocks and LMW neutrals due to pore 
blocking and adsorption; and ii) biopolymers and inorganic colloids in a small 
amount via the tight adhesion of the complex formed by them together with 
small organics to membrane surface. 
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Subsequently, the total, hydraulically and chemically irreversible fouling were 
quantitatively assessed by the total fouling index (TFI), hydraulically 
irreversible fouling index (HIFI) and chemically irreversible fouling index 
(CIFI), respectively. It was found that values of these unified membrane 
fouling indices (UFIs) were specific to different water samples and they could 
be correlated to the fouling behaviour and reversibility of the UF membrane 
system. The ratio of HIFI/TFI and CIFI/TFI could be used to compare the 
reversibility of the fouling, and the HIFI could be a useful indicator to assess 
the fouling development of long-term operating UF system.  
The effects of feedwater (SEFs) quality on the overall and reversible fouling 
were investigated in both the flat sheet and hollow fiber membrane systems. 
Activity of bacteria microbial on fouling rate was found to have little impact 
on the overall fouling development, but significantly aggravate the 
hydraulically irreversible fouling with the HIFI decreased by 70%. It could be 
explained by the fact that the biological activity would intensify the interaction 
between fouling layer and membrane surface via excreting EPS. The effect of 
particles on the overall and hydraulically irreversible fouling development 
were pronounced due to their dominant contributions to fouling layer 
formation and the increasing pressure exerted on the membrane leading to the 
reduced reversibility of fouling layer, respectively. Biopolymers primarily 
influenced the overall fouling because of their large deposition on the 
membrane surface and strong interaction with other foulants on the membrane 
surface, as well as chemically irreversible fouling with the explanation of a 
more compact fouling layer formed at higher TMP. The increasing effects of 
conductivity on overall and hydraulically irreversible fouling were significant, 
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which could be explained by a reduction in electrostatic repulsion force 
between foulants and membrane. Besides, the combined effects of 
biopolymers/LMW organics and magnesium/conductivity on the UFIs were 
the most obvious among the mutual effects of other pairs. These parameters 
could be the major fouling-controlling parameters. Performing pre-treatment 
to remove these components might be a good strategy of mitigating fouling. 
A modified fouling index (FI) for measuring fouling propensity of SEFs was 
developed by raising the operating pressure of existing fouling index tests 
from 30 to 40 psi. This approach improved the repeatability and stability of the 
FI test because of the formation of a denser and more stable cake layer. The FI 
was found be influenced significantly by turbidity, biopolymers and 
conductivity. Biopolymers and turbidity played a dominantly and 
subordinately positive role on the FI, respectively; and their positive effects 
was amplified when biopolymers concentration and turbidity were high due to 
the formation of a heterogeneous denser fouling layer. Additionally, the effect 
of conductivity on the FI changed from positive to negative with increasing 
turbidity, probably because the dominant influencing process in the FI test had 
transferred from electrostatic double layer compression to particle aggregation. 
The positive feedback of the FI to conductivity manifested only when 
biopolymers concentration was high, which can be explained by the effect of 
reducing electrostatic force on fouling development, excluding particle 
influence, started to display and became dominant when the electrostatic force 
between biopolymers was strong enough to form a electrostatic double layer. 
Thereafter, validation of the FI was performed by correlating the feedwater FI 
and the fouling rate of the lab-scale and pilot-scale UF membrane systems 
 xii 
 
using a commercialized UF module operated at a typical condition of full-
scale UF process. A linear correlation between the FI and the overall fouling 
rate was found, indicating the reliability of the FI for interpreting SEFs overall 
fouling potential. A possible application of the FI was to determine the 
threshold for UF feedwater quality. The FImax. defined in this study could be 
used to assess the efficiency of pre-treatment for UF and select an appropriate 
pre-treatment process in the futher. The FI was also used to establish a 
regression fouling predicting model together with operating flux, with an 
average predicting error of 26.8%. Such easily adopted model could be a 
promising fouling predicting approach applied in practical design and 
operation.   
Keywords: 
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Water is one of the primary elements responsible for the development and 
sustainability of life and civilizations on Earth. Despite coverage of over 70% 
of the Earth’s surface, only 0.3% of the water is freshwater that can be utilized 
directly for safe human consumption, and the limited availability has been 
further aggravated by water source contamination and increased anthropogenic 
consumption. In response to the issue of water shortage crisis, water reuse and 
recycling from wastewater have been proposed as economically viable and 
environmentally friendly alternatives to supplement water resources. Reliable 
and cost-effective approaches of water reuse and recycling could provide 
water qualities appropriate to its designated usage. It is reported that the use of 
municipal wastewater reclamation and reuse in United States experienced a 36% 
increase within 5 years during 1990 to 1995(Metcalf et al., 2003), and reached 
4.0 Mm3/d in 2006 (Bryck et al., 2008). Although the ratio of reclaimed water 
to total freshwater withdrawals is lower than 1%, the quantity of reused water 
will increase significantly because it is a controllable water resource. 
In order to reuse wastewater and close the water loop, new and effective 
technologies, particularly the membrane processes, have attracted great 
interests and been widely applied due to its guaranteed higher water quality 
and smaller footprint as compared to conventional treatment processes based 
on gravitational sedimentation and non-membrane based filtration. A wide 




variety of membrane systems have been successfully employed to treat and 
reclaim effluents from traditional wastewater treatment process (Teodosiu et 
al., 1999; Marcucci et al., 2001; Zheng et al., 2011). In particular, organic-free, 
pathogen-free and salt-free water could be produced by pre-filtering secondary 
effluents (SEFs) with low-pressure membrane process and subsequent reverse 
osmosis (RO) membrane process. Ultrafiltration membrane (UF) process, a 
low-pressure membrane process, has been widely used for SEF pre-treatment 
to improve the quality of feedwater for subsequent RO filtration. Compared 
with conventional pre-treatment processes for RO, namely, coagulation, 
flocculation and media filtration, UF membrane technology offers the 
advantages of a higher quality water product, smaller footprint and relatively 
lower cost (Mulder, 1996). It could effectively remove complicated aquatic 
contaminants such as particles, pathogens and large organic matters. Such 
rejections are achieved by sieving of constituents with sizes larger than the 
average membrane pore size as well as the adsorption of feedwater 
components to the membrane via physical-chemical interactions. Due to these 
advantages, UF membrane technology is rapidly becoming one of the most 
important technologies in SEF water reclamation.  
However, membrane fouling is a major obstacle for applying UF membrane 
process to SEF filtration because it would decrease water productivity, 
increase operational energy consumption and increase operational and 
maintenance cost. Membrane fouling has been recognized to be caused by the 
deposition of particles and macro-organics onto membrane surface, 
proliferation of biofilms on the membrane surface as well as the adsorption of 
small components into membrane structure. In order to achieve high water 
Chapter 1                                                                                                                  Introduction  
3 
 
productivity at low cost, suitable fouling control strategies, such as the 
optimization of operating parameters and good pre-treatment of feedwater, are 
necessary. The operating parameters could be optimized via application of air 
scouring and periodical physical or chemical cleaning to mitigate the severity 
of foulants deposition and biofilm formation on the membrane surface and 
remove any reversible fouling. These strategies are employed for their ease of 
operation and immediate recovery of membrane permeability. In order to 
determine the optimized operating parameters, a clear understanding of 
fouling reversibility is necessary since the physically and chemically 
reversible fouling could be mitigated by air scouring/backwashing and 
chemical cleaning, respectively. However, the reversibility of UF membrane 
fouling has yet to be fully elucidated. 
Although the above-mentioned fouling control strategies have been widely 
applied, they can only temporarily restore membrane system performance and 
may lead to the inevitable destruction of membrane integrity (Judd, 2006). 
Alternatively, pre-treatment of feedwater, offers the advantage of permanent 
removal of potential foulants before their entry into UF system. Currently, 
coagulation, adsorption, oxidation and media filtration, have been widely 
employed as the UF pre-treatment processes to effectively remove the major 
foulants in feedwater and improve the UF performance (Huang et al., 2009). 
In order to select a suitable pre-treatment process, fouling characteristics of 
constituents in feedwater has to be identified. Claims and reports of the major 
foulants within SEFs is still a matter of controversy, and the conundrum is 
further complicated by the lack of UF fouling mechanisms (Ernst et al., 2008; 
Jermann et al., 2008; Zheng et al., 2011). Therefore, clear identification and 




quantification of major feedwater foulants are required to help in the selection 
of pre-treatment process.  
Furthermore, in order to select suitable fouling control strategies, sound 
assessment and prediction tools that could provide robust feedwater fouling 
propensity information are necessary. These prediction tools, including indices 
and models, can be used to determine the threshold of feedwater quality, select 
the most suitable pre-treatment process, and predict fouling behavior during 
the operation. Nevertheless, few indices or models have predicted full-scale 
UF fouling evolution successfully. The lack of a useful and reliable fouling 
predicting tool has greatly undermined the cost-effectiveness of UF processes. 
Since cost-effective applications of UF processes for SEF treatment can only 
be achieved with a good knowledge of feedwater foulants and an 
establishment of a comprehensive prediction tool, there is thus a gap in 
academic knowledge that urgently requires further research to tackle the issue 
of fouling-controlling factors and fouling mechanism. 
1.2 Problem Statements 
1.2.1 Major Foulants 
UF membrane fouling has been reported to be caused by particles, colloid 
matters, dissolved organics, cations and ions found in SEFs (Jacquemet et al., 
2005; Amy et al., 2008; Ernst et al., 2008; Zheng et al., 2011). However, 
contradictory results of major foulants have been found during the 
investigation of their specific roles in the fouling mechanisms. This is because 
of the wide variety of potential foulants and the complicated interaction 
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between foulants and membrane, which is discussed in this section.  
Particles and colloids with a size larger than 0.22 µm have been reported to be 
the predominant membrane foulants in cake layer formation (Howe et al., 
2002; Jacquemet et al., 2005). On the contrary, they were found to have little 
influence on the water filterability because of their weak adhesion to the 
membrane surface (Bourgeous et al., 2001; Zheng et al., 2009). Interestingly, 
they caused a substantial fouling when co-existed with dissolved organics 
(Jermann et al., 2008).  
Dissolved organic matters, especially biopolymers and humics, have been 
identified as major foulants affecting the water filterability and fouling 
reversibility in low pressure membrane process (Haberkamp et al., 2008; 
Zheng et al., 2010). Biopolymers, which are the residual soluble microbial 
products derived from the microbiota in the biological treatment process, have 
been correlated to fouling via cake/gel fouling and membrane pore blocking 
(Zheng et al., 2010). For example, polysaccharides and proteins, which are 
two major constituents of biopolymers, have been found to display high 
fouling potential (Cho et al., 1998; Jarusutthirak et al., 2002; Rosenberger et 
al., 2005). On the other hand, humics have also been reported to be the 
dominant foulants causing membrane surface clogging and internal pore 
blocking (Mousa et al., 2007; Lin et al., 2008).  
The presence of divalent cations, particularly calcium, can affect membrane 
fouling via the formation of cation-organic complexes and particle aggregation. 
Similarly, contradictory effects of divalent cations have also been observed in 
previous studies. For example, Katsoufidou et al. (2008) reported that the 




presence of divalent cations accelerated fouling due to the reduction of 
repulsion between negatively charged organic foulants and membrane surface. 
However, Jermann et al. (2008) found opposing evidence stating that existence 
of calcium reduced UF fouling when particles and organics co-existed because 
calcium-organic complexes were formed. 
Contradictory effect of ionic strength on fouling development has been 
reported. Increasing effect of ionic strength on fouling was observed and is 
attributed to  the reducing repulsive force between foulants and membrane via 
compressing electrostatic double layer (Yuan et al., 1999; Wilf et al., 2001; 
Vrijenhoek et al., 2001). On the other hand, membrane fouling was found to 
be reduced at high ionic strength, which might be caused by the formation of 
larger sized particle and consequently, a more porous fouling layer (Shon et al., 
2006; She et al. 2009). 
Such conflicting results might be due to the neglect of mutual effects of 
foulants each other. In previous studies, the effect of polysaccharides, proteins 
and humic substances on fouling was studied separately by feeding model 
chemicals to the UF system (Park et al., 2006; Lin et al., 2008; Zheng et al., 
2009). Nevertheless, the synergistic effect of these components on fouling 
could be more prominent than their individual impact. Li et al. (2006) reported 
that particle interactions with organics caused a more substantial fouling than 
when fouling was due to particles alone because the back diffusion of particles 
and organic foulants was hindered. Jermann et al. (2008) found that the 
presence of calcium in the solution of humics and alginate caused a faster flux 
decline due to the formation of calcium-organic associations and promoted 
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foulant adsorption onto membrane. These results imply that components 
which exhibited a minor individual effect in simple and synthetic solution 
might play significant roles on fouling in mixed and complex natural water, 
such as SEFs. The synergistic effects between particles, organics and ions on 
fouling will be instrumental for understanding their fouling propensities in UF 
membrane process. However, the interactions between these components and 
their mutual effect on fouling have seldom been reported and hence, are poorly 
understood. Hence, there is a pressing need to investigate the mutual effect of 
these constituents on membrane fouling. 
Moreover, most of previous fouling studies were conducted in lab-scale 
systems fed by model solutions of commercially available chemicals, which 
cannot replicate the constituents in natural wastewater or treated water 
accurately (Haberkamp et al., 2008). This discrepancy in the feedwater 
characteristics greatly influenced the reliability and applicability of the 
corresponding fouling behavior and mechanism. For example, river water and 
SEFs display a similar dissolved organic carbon (DOC) concentration, ranging 
from 2 to 15 mg/L. However, the fouling propensities of these two sorts of 
water were reported to be different: natural waters caused very little fouling 
(Howe et al., 2002), while 50% of the constituents in the SEFs contributed to 
UF fouling (Zheng et al., 2009). The discrepancies in fouling propensities 
could be explained by the different nature of organic compositions in these 
two water bodies. River water organics were mainly composed of humic 
substances derived from soil activity. However, SEFs organics not only 
contained natural organics, but also, compounds released during the up-stream 
treatment processes and non-biodegradable substances in the raw wastewater 




(Leenheer et al, 2003). Therefore, the fouling behavior of synthetic waters is 
certainly not comparable to that of natural water. Thus, in order to draw 
explicit conclusions about the relationship between feedwater constituents and 
membrane fouling development for membrane processes in reality, fouling 
studies by using real SEFs should be conducted. 
1.2.2 Fouling Reversibility 
In practical applications of UF systems, physically and chemically irreversible 
fouling, rather than total fouling, determines the long-term performance of 
full-scale systems. Thus fouling reversibility has to be well understood. 
Fouling reversibility caused by various foulants has been investigated in 
several studies. Huang et al. (2007) reported that organic colloids 
predominantly contributed to the total fouling and potentially to irreversible 
fouling as well. Yamamura et al. (2007) found that organic matters, especially 
humic-like components with small molecular weights, were mainly 
responsible for physically irreversible fouling. Zheng et al. (2010) observed 
that 88% of biopolymers on fouling layer can be removed by hydraulic 
backwashing, and the removal efficiency of the backwash decreased with 
increased mass load of biopolymers and filtration pressure. However, fouling 
reversibility caused by other potential foulants, such as hydrophobic organic 
matters and inorganic colloids, has yet to be well defined. Similarly, individual 
and synergized effect of foulants on fouling reversibility is also still poorly 
understood. Moreover, many previous reversibility studies were based on 
short-term experiments with limited comparability to real application 
(Yamamura et al, 2007). Hence, a better understanding of fouling reversibility 
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caused by major foulants and the effect of water characteristics on fouling 
reversibility is necessary for the development of fouling control strategies.  
From another aspect, different fouling types, including 
hydraulically/chemically reversible/irreversible fouling, should be 
quantitatively assessed by a reliable method. Without a proper assessment 
method, it is difficult to quantitatively correlate these fouling types to the 
fouling-control parameters, such as feed characteristics, membrane properties 
and operational conditions. Consequently, it is necessary to develop a proper 
quantitative indicator to distinguish and interpret reversible and irreversible 
fouling. In previous studies, either the time duration taken for TMP to reach a 
designated value or the specific flux during one filtration cycle was used to 
assess the fouling occurring in the membrane system with multiple backwash 
cycles (Huang et al., 2007; Zheng et al., 2010). Alternatively, fouling was 
quantified by calculating the rate of permeability decrement with filtration 
time (Jarusutthirak et al., 2006; Zheng et al., 2011). Although these methods 
provided useful information, they could neither distinguish between reversible 
and irreversible fouling, nor be applied to the filtration process with nonlinear 
evolution of fouling. To overcome these drawbacks, Huang et al. (2008) 
proposed a series of unified membrane fouling indices (UFIs) for low pressure 
membrane filtration process to identify reversible and irreversible foulants. 
The UFIs were obtained based on the actual membrane of interest for full-
scale application and they were reported to be independent of filtration scale 
or mode (Huang et al., 2009). Due to their characteristics of universality and 
specificity, UFIs could be a reliable approach for fouling assessment. 
Thereafter, Nguyen et al. (2011) applied the UFIs to assess the fouling 




performance of both bench-scale and full-scale low pressure hollow fiber 
membrane systems, and found that the UFIs could be validated by both 
systems. However, the correlation between UFIs and characteristics of 
feedwater has not been reported yet. The validation of these UFIs was only 
conducted in two filtration systems fed by limited water sources. Hence, the 
effect of water characteristics on UFIs should be further studied, and 
verification of UFIs in large-scale membrane systems fed by various waters is 
necessary before actual industrial application. 
1.2.3 Fouling Predicting Tools 
Various fouling indices have been developed to evaluate and predict the 
fouling potential of membrane feedwater. Traditional fouling indices, such as 
silt density index (SDI) and modified fouling index (MFI), have been 
developed and applied in both pilot- and full-scale units (Boerlage et al., 2001; 
Mosset et al., 2008). Analysis of these indices, filtration tests in a pressurized 
dead-end filtration cell (30 psi), were simple, short (15 mins) and standardized. 
However, SDI was reported with low accuracy and poor repeatability (Choi et 
al., 2009), while MFI was insensitive to the presence of dissolved organics and 
ions, which might play active roles in membrane fouling (Boerlage et al., 
2003). Moreover, these fouling indices have been used to measure water 
samples with low fouling potential, such as RO feed. Due to the above-
mentioned reasons, these traditional fouling indices rarely have been 
employed to measure fouling propensities of UF feedwater. Recently, specific 
ultrafiltration resistance (SUR) has been developed for evaluating the fouling 
potential of feedwater for low pressure membrane filtration process (Roorda et 
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al., 2005). Nevertheless, the stabilization duration of at least 30 min is longer 
than that of traditional indices (Janssen et al., 2008), causing the tests to be 
time-consuming. Moreover, there are no standardized apparatuses for this test; 
consequently, result discrepancies due to the difference in the fabrication of 
testing apparatus might happen. As a result, the development of a simple, 
quick and standardized fouling indicator test is necessary to evaluate fouling 
propensity of UF feedwater.  
Furthermore, assessment and prediction of UF fouling performance by fouling 
index are difficult due to the complexity of feedwater (SEFs) (Mosset et al., 
2008). Fouling index is influenced by both the fractions of organics and 
inorganics, and their interactions within the SEF water samples (Park et al., 
2006; Janssen et al., 2008; Sim et al., 2010). Individual and synergized effect 
of major foulants in SEFs on fouling index should be studied; however, 
limited information could be found from existing literatures. Additionally, 
validation and application of fouling index is still inadequate, causing a 
limited application of fouling index. Although it has been reported that the 
value of fouling index is correlated to fouling performance, quantified 
information of the correlation is still insufficient, and poor correlation between 
fouling index and fouling performance of full-scale systems were reported 
(Janssen et al. 2008; Choi et al., 2009, Yu et al., 2010). The reason might be 
that most of the validation studies were not conducted under typical operating 
conditions applied in full-scale system. Furthermore, important operating 
parameters, such as filtration flux and operating pressure, were not 
incorporated into the predicting method based on feedwater fouling index. The 
disregard of operating conditions might lead to significant discrepancies 




between fouling propensity predicted by fouling indices and the actual fouling 
performance in UF plants (Howe et al., 2007). For that reason, there is still a 
need to establish a more reliable fouling index validated by both bench- and 
full-scale systems, and subsequently, develop a fouling predicting approach 
involving such fouling index and operational parameters.  
1.3 Research Objectives 
The existing research gaps in the study of fouling propensities for SEFs in UF 
membrane process are summarized as follows: 
• Conflicting results still exist in terms of which organics are the 
predominant foulants and how these major foulants influence the UF 
performance. Mutual effect of foulants on membrane fouling is still not 
well understood and clarification is needed. 
• The effect of water characteristics on reversible and irreversible 
fouling is still unclear. Fouling indicators to distinguish and quantify 
different types of fouling still need to be further verified in large-scale 
membrane systems, and the effect of major foulants on such indicators 
has yet to be studied.  
• A standardized and reliable fouling index to evaluate the fouling 
propensity of SEFs has yet to be established, and the predicting tool 
base on feedwater fouling index is still lacking.  
Based on the gaps mentioned above, the main objectives of this study are:  
• To investigate the major foulants in SEFs during UF membrane 
filtration, identify the major fouling-relevant parameters for SEFs and 
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study their quantitative effects on UF fouling. 
• To study the reversibility of major foulants, investigate the individual 
and mutual effect of feedwater characteristics on the fouling 
reversibility, and explain the UF fouling mechanisms when filtering 
SEFs. 
• To develop a reliable fouling index for predicting feedwater fouling 
propensity, and subsequently, establish a fouling predicting tool 
involving feedwater fouling index and operational parameters. 
These results will lead to a better understanding of the principal fouling-
relevant parameters and fouling reversibility caused by the major foulants in 
UF membrane process treating SEFs. This study may also help in the selection 
of a suitable pre-treatment process for UF, determination of the optimal 
operating conditions, and choosing efficient membrane cleaning strategies to 
minimize and remove fouling. 
1.4 Organization of Thesis 
The rest of this thesis is arranged as follows: 
• Chapter 2 – Literature Review 
This chapter provides (a) a comprehensive review of filtration and 
fouling mechanisms of UF membrane treating SEFs for wastewater 
reuse; (b) an overview of SEFs characteristics; (c) factors influencing 
fouling and its reversibility; and (d) fouling predicting tools. 
• Chapter 3 – Materials and Methods 




This chapter provides descriptions of the lab-scale flat sheet and 
hollow fiber UF membrane systems, as well as pilot-scale hollow fiber 
UF membrane system. Operating conditions and feedwater 
characteristics for these systems are provided as well. In addition, 
foulant extraction methods and various analytical methods for 
feedwater, membrane permeate, foulants and fouled membranes are 
illustrated. Lastly, fouling index measuring method is presented. 
• Chapter 4 – Identification of Major Foulants in Flat Sheet UF 
Membrane System 
The main objective of this chapter is to investigate the potential major 
foulants in SEFs. It presents the findings obtained from the lab-scale 
flat sheet UF membrane system described in Chapter 3. The mass 
removal and fouling development were firstly investigated and then the 
foulants were extracted and analyzed. Furthermore, this chapter 
discusses the quantified effect of fouling-relevant water quality 
parameters on fouling development. Lastly, morphology of fresh and 
fouled membrane was examined and compared. Based on the above 
results, fouling mechanisms in flat sheet UF system are proposed.  
• Chapter 5 – Identification of Hydraulically Reversible and Irreversible 
Foulants in Hollow Fiber UF Membrane System 
The aim of this chapter is to differentiate the reversible foulants from 
irreversible foulants. The presented results were obtained from hollow 
fiber UF membrane system as described in Chapter 3. The mass 
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removal by membrane and mass accumulation in the reactor were 
investigated first. Subsequently, the physically and chemically 
reversible foulants were extracted and analyzed. Moreover, reversible 
and irreversible foulings were quantified by unified fouling indices. 
Furthermore, individual and mutual effects of fouling-relevant water 
quality parameters, including bacterial number, particles, organic and 
inorganic matters on unified fouling indices were studied. Lastly, based 
on the above results, fouling mechanisms pertaining to reversible and 
irreversible fouling are proposed.  
• Chapter 6 – Fouling Index and Fouling Predicting Approach to 
Evaluate UF Fouling 
This chapter is to develop a reliable fouling index and a fouling 
predicting tool. In this chapter, the feasibility of increasing applied 
pressure of existing fouling index test was investigated and a modified 
fouling index was established to measure the SEFs of high fouling 
potential. Subsequently, individual and mutual effects of water 
characteristics on the established fouling index were studied. This 
fouling index was then validated by lab-scale and pilot-scale UF units 
operated under typical conditions applied in full-scale UF systems. 
Lastly, practical use of this fouling index was explored in determining 
the threshold of UF feedwater quality and predicting the membrane 
fouling during operation.  
• Chapter 7 – Conclusions and Recommendations 




This chapter summarizes the major conclusions derived from this study. 




CHAPTER 2  
 LITERATURE REVIEW 
2.1 Principles of Membrane Filtration Process 
2.1.1 Membrane Filtration Mechanism 
A membrane is a filter of rigid and highly voided structure with randomly 
distributed and interconnected pores. Membranes used for water and 
wastewater treatment are generally driven by hydraulic pressure to achieve the 
desired separation of constituents in water. The pressure driven membrane 
processes for water treatment could be classified into microfiltration (MF), 
ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO). As shown 
in Fig. 2.1, MF and UF, with macropores or mesopores (pore size of 0.005 ― 
2.0 µm), are operated at low pressure ranging from 0.5 to 10 bar. NF and RO, 
with micropores (pore size of 0.0001 ― 0.01 µm), are operated at high 
pressure ranging from 10 to 100 bar.  
 
Figure 2.1. Classification of the pressure driven membrane filtration process and conventional 
sand filtration based on the size of particles and molecules removed (Baker et al., 2004). 




In MF and UF filtration processes, removal of particles, macromolecular 
components and bacteria is achieved mainly by sieving. According to the pore 
size distribution of membrane, particles larger than the largest membrane 
pores are completely rejected by the membrane; particles that are smaller than 
the largest pores, but larger than the smallest pores are partially rejected; and 
particles much smaller than the smallest pores will pass through the membrane. 
Such separation of particles is based on a function of particle size and pore 
size distribution. By the same token, macromolecular components and bacteria, 
larger than the membrane pore size, could be removed by sieving.  
In the relatively high pressure filtration processes such as NF and RO, removal 
of small organic molecules, viruses, hardness and salt could be achieved 
mainly by different affinity for the solute and the solvent. The membrane has a 
high affinity for the solvent (mostly water) but a low affinity for the solutes, 
such as small organics and ions. Small molecules are rejected by the water 
layer adsorbed on the surface of membrane and ionic species are transported 
across the membrane by diffusion through the membrane structure. 
2.1.2 Membrane Module 
In practical application, the membrane module, as the central part of a 
membrane installation, is packed in order to obtain a large membrane area. 
The principal types of membrane modules used for water and wastewater 
treatment are flat sheet, hollow fiber, tubular and spiral wound. For low 
pressure filtration process, flat sheet and hollow fiber have been widely 
applied. The flat sheet module, a set of two membranes placed in a sandwich-
like fashion with their feed sides facing each other, is designed to obtain low 
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fouling tendency and high cleaning efficiency. However, this module design 
has the disadvantages of relatively low packing density and high investment 
(Mulder et al., 1996). By contrast, the hollow fiber module has been more 
widely adopted because of its high packing density and the capability of being 
backwashed. A small fingerprint and low investment are achieved due to its 
high packing density and fouling mitigating methods of hydraulic and 
chemically-enhanced backwashing.  
2.1.3 Application and Cost of UF Membrane Filtration Process 
Water reuse from wastewater has drawn much attention because of the water 
crisis. Figure 2.2 illustrates that the reclaimed water could be reused for 
irrigation, aquifer recharge, and industrial use and so on. Currently, two 
widespread processes for reusing wastewater are i) conventional biological 
process followed by UF filtration prior to the RO and ii) membrane biological 
reactor (MBR) followed by UF / RO. As shown in Table 2.1, the total energy 
consumption of the first method is lower; hence, this process has been widely 
applied. 
In this process, the most costly unit is the RO that requires high pressure, 
accounting for 40 − 50% of the total energy consumption. To reduce the 
energy cost of RO, pre-treatment of RO feedwater should be employed to 
remove potential foulants such as particles, bacteria and organic matters. UF is 
an economical pre-treatment process for RO because it can effectively remove 
potential foulants for RO, largely improve its permeate flux and minimize 
fouling (Battistoni et al., 2007). It has been reported that the operation cost of 
RO was reduced by around 20% after using UF as pretreatment (Bonnélye et 




al., 2008).  UF as RO pretreatment has been applied in reusing domestic SEFs 
(Battistoni et al., 2007), refinery effluents (Teodosiu 
paper industrial effluents (
(Marcucci et al., 2001). Thus UF is a promising pretreatment process for RO.
Figure 2.2. Reclaimed water use by end use category in United Stated 
Table 2.1. Comparison of energy usage of various processes (Pearce, 2008)
Process 
Conventional activated 
sludge + UF + RO 
MBR+RO 
2.1.4 Membrane Fouling 
In practical application, m
operating time with a 
decline is the result of membrane fouling, which is a major obstacle that 
decreases productivity and increases 






et al., 1999), pulp and 
Huuhilo et al., 2001) and textile industrial effluents 
(Bryck et al.
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UF membrane fouling is considered to be caused by deposition of retained 
particles, colloids, emulsions, suspensions, macromolecules and salts on (or in) 
the membrane. Three key mechanisms for porous membranes have been 
proposed: i) pore narrowing/constriction due to the filtered species attaching to 
the interior surface of the membrane pores, ii) pore blocking due to the filtered 
species stuck in the pores of the membrane, and iii) cake layer formation 
caused by concentration polarization, which is the buildup of matter close to 
or on the membrane surface and causes an increase in resistance of solvent 
transporting across the membrane (Metalf et al., 2003). Figure 2.3 illustrates 
the filtration resistance caused by attachment, pore blocking and cake layer, 
represented by Ra, Rpb and Rc, respectively. Continuous development of these 
filtration resistances would lead to the decrease in permeate flux. 
 
Figure 2.3. Three types of filtration resistance (Mulder et al., 1996). 
The permeate flux through a membrane can be described based on Darcy’s 
law as (Mulder, 1996):                     
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where        J (m3·m−2·s−1) is the permeation flux,  
∆P (Pa) is the trans-membrane pressure (TMP),  
µ (Pa·s) is absolute viscosity of the water,  
Rm (m−1) is hydraulic resistance of the clean membrane,  
Rc (m-1) is hydraulic resistance due to the cake layer,  
Rpb (m-1) is hydraulic resistance due to the pore blocking,  
Ra (m-1) is hydraulic resistance due to the attachment.   
Furthermore, Rc is equal to specific resistance of the cake (rc) multiplied by 
cake thickness (lc). The rc is assumed to be constant over the cake layer, as 
expressed by the Carman-Kozeny relationship as (Carmen, 1938): 
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where                   ds is the diameter of the solute particle,  
ε is the porosity of the cake layer,  
ms is the mass of the cake,  
ρs is the density of the solute,  
A is the membrane area.  
Although these theoretical equations have been proposed to describe the 
resistance of fouling, the calculation of fouling resistance is still difficult 
because the estimation and measurement of all the parameters in these 
theoretical equations are not feasible by existing lab technologies (Kim et al., 
2009). The quantified information of fouling resistance is still limited, and the 
development of fouling with filtration time has yet to be explicitly elucidated.  
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2.2 Characteristics of UF Feedwater (SEFs) 
It is widely accepted that fouling is affected by feed characteristics, membrane 
characteristics and hydrodynamic conditions. It has been proposed that the 
effect of feed characteristics on fouling is primary because fouling cannot 
occur without the presence of a fouling material (Amy, 2008). Thus, a good 
understanding of characteristics of SEFs is critical for UF fouling control. 
Characteristics of SEFs can vary substantially depending on the type and 
efficiency of upstream wastewater treatment processes, as well as the source 
of wastewater. The characteristics of SEFs are investigated in terms of sources 
and constituents of SEFs. 
2.2.1 Source of SEFs 
It is known that SEFs, treated effluents from wastewater treatment plants 
(WWTPs), contain components which could not be treated by the upstream 
wastewater treatment process and components released during the biological 
process. Their properties are affected by the source of wastewater as well as 
the design and efficiency of upstream treatment process. 
WWTP wastewater is discharged from various domestic and industrial 
facilities, and the wastewater source would substantially influence the 
properties of SEFs. The refractory constituents of wastewater would contribute 
to SEFs. For example, the typical water qualities of SEFs from municipal and 
three industrial WWTPs are shown in Table 2.2 and 2.3, respectively. It is 
obvious that the characteristics of domestic and industrial SEFs were different 
in terms of solid concentrations, dissolved organic content and ionic strength. 




It is also worth to note that components of these three different industrial SEFs 
were highly variable in pH, particles, carbon content and silica concentration.  
Table 2.2. Water quality of typical SEFs from municipal WWTPs (Metcalf et al., 2003). 
Parameters Units Domestic SEFs 
pH s.u. 6.0 − 9.0 
Turbidity NTU 2 − 10 
Total suspended solids (TSS) mg/L 5 − 30 
Biochemical oxygen demand (BOD5) mg/L 5 − 30 
Total organic carbon (TOC) mg/L 5 − 30 
Total Kjeldahl nitrogen mg/L 10 − 20 
Total phosphorus mg/L 1 − 8 
Iron mg/L 0 − 1 
Table 2.3. Water quality of typical SEFs from industrial WWTPs (Judd et al., 2003). 
Parameters Units 
Application 
Power Wood plant Textile 
pH s.u. 6.9 4.5 6.1 
Turbidity NTU 50 − − 
Total dissolved solid (TDS) mg/L 765 1050 1380 
TSS mg/L − <1 55 
COD  mg/L − 8000 2000 
BOD5 mg/L 20 2500 − 
Hardness mg/L 110 150 − 
Silica mg/L 6.5 40 − 
SEFs also contain the byproducts derived from bacterial activity in the 
upstream treatment process. These byproducts were widely recognized in the 
form of soluble microbial products (SMPs) and extra-cellular polymeric 
substances (EPS) (Drewes et al., 1999). SMPs and EPS are primarily consisted 
of refractory organics of polysaccharides and proteins, and their concentration 
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in SEFs has been reported to be influenced by substrate composition and 
activated sludge properties in the biological process (Evenblij et al., 2004). Le-
Clech et al. (2006) observed a clear decrease of EPS and SMPs concentration 
when the sludge retention time (SRT) was extended, but this reduction became 
negligible when the SRT was greater than 30 days. 
2.2.2 Constituents of SEFs 
Particles and organics, as the major constituents in SEFs, play important roles 
in UF rejection and fouling process (Howe et al., 2002; Zheng et al., 2009). 
The characteristics of particles and organics are determined by their size, 
surface charge, hydrophobicity, aromaticity, functional groups, etc.  
2.2.2.1 Particles 
Particles, including organic and inorganic constituents, can be suspended or 
colloidal. Suspended particles, with a size larger than 1.0 µm, can be largely 
removed by gravity sedimentation employed in upstream processes. Colloidal 
particles, with the size ranging from 0.01 to 1.0 µm, cannot be removed by 
gravity sedimentation. Low particular content of high quality of SEFs could be 
achieved by a satisfying settle-ability of activated sludge with an optimal SRT 
and solid loading rate (Metcalf et al., 2003). Still, some particles, mainly in 
colloidal status, can escape the separation in the final settling tank and 
contribute to SEFs. 
The characteristics of particles, in terms of size, shape and flexibility, are 
determined by their surface charge and particle-particle interactions (Li et al., 
2006). The surface charge of particles, normally negative, develops most 




commonly through isomorphous replacement, structural imperfections, 
preferential adsorption, and ionization. This charge would lead to the 
formation of electrostatic double layer and the repulsion between particles; 
consequently, prevent the aggregation and sedimentation of particles. Besides 
the repulsion force due to surface charge, an attraction force due to van der 
Waals force is also involved in particles interactions. The net total force as a 
result of attraction and repulsion determines the aggregation status of particles 
and the particle size. The typical mass and size distribution of particles in 
SEFs is tabulated in Table 2.4. This reveals that particulate property varied 
with water source, and particles with size larger than 1 µm accounted for the 
major part of total suspended solids.  







Normalized particle size distributions (mg/L) 
0.4 − 1 µm 1 − 5 µm 5 − 12 µm 12 −20 µm >20 µm 
Field site 1 3.40 38% (1.29) 27% (0.92) 12% (0.41) 7%(0.24) 16%(0.54) 
Field site 2 6.75 6% (0.40) 13%(0.88) 8%(0.54) 11%(0.74) 62%(4.19) 
The particle status is influenced by solution chemistry, such as pH, ionic 
strength, organics and multivalent ions. It has been reported that decreasing 
pH led the particle to aggregate via altering the surface charge of particles 
(Hong et al., 1997). Increasing ionic strength caused particle aggregation due 
to suppressing electrostatic double layer of particle surface (Yuan et al., 1999). 
Organics and multivalent ions react with the colloid surface, and alternate its 
surface charge. Jermann et al. (2008) found that the presence of NOM reduced 
the particle size due to the interruption of particle aggregation. The presence 
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of calcium was found to increase the size of the particles with an adsorbed 
organic layer as well as the zeta potential of the solution due to their 
interaction with organics, which led to a lower negative particle charge and 
subsequent destabilization and aggregation of the particles.  
2.2.2.2 Dissolved Organic Matters 
Dissolved organic matters (DOMs), apart from particles, are also important 
components in SEFs (Howe et al., 2002; Costa et al., 2006; Laabs et al., 2006; 
Zheng et al., 2009). DOMs are complex mixtures of aromatic and aliphatic 
hydrocarbon structures with amide, carboxyl, hydroxyl, ketone and various 
other functional groups (Leenheer et al., 2003). DOMs include natural organic 
matters (NOMs) and wastewater effluents organic matters (EfOMs). NOMs 
are mainly composed of allochthonous NOMs (such as humics) and 
autochthonous NOMs (such as biopolymers with carbon and nitrogen) 
(Jarusutthirak et al., 2006). Herein, humic substances, as a major constituent of 
SEFs as well as natural water, are reported to be hardly biodegradable (Laabs 
et al., 2006; Haberkamp et al., 2008). Furthermore, EfOMs include SMPs, 
EPS, synthetic organic compounds, disinfection by-products and so on, which 
are also refractory organic matters. Characteristics of DOMs in SEFs are 
discussed in terms of size and nature. 
Size of DOMs 
DOM size distribution, assimilated to its molecular weight (MW), can be 
measured by sequential UF filtration test for low-resolution separation as well 
as high-performance liquid chromatography (HPLC) followed by ultraviolet 




(UV) detection for high-resolution separation. Sequential UF filtration has 
been reported to be largely influenced by a number of parameters, such as 
solution chemistry, membrane type, operating pressure and calibration 
standards (Aiken et al., 1984). By contrast, the method of HPLC followed by 
UV detection is favored because continuous MW distribution can be obtained. 
By using this method, Shon et al. (2004) reported that the MW of DOMs in 
the SEFs ranged from 300 to about 400,000 Da with the most significant 
fraction displayed in the range of 300 − 5,000 Da. However, Imaia et al. (2002) 
reported that the weight-averaged MW of DOMs in SEFs was relatively low, 
ranging from 380 to 830 Da. This inconsistency might be due to the large 
presence of organic matter with low-UV absorption. These organics, such as 
proteins, sugars, amino-sugars and aliphatic acids, ubiquitously exist in SEFs 
(Leenheer et al., 2003). In order to solve this problem, size exclusion 
chromatography (SEC) followed by UV and on-line DOC detectors has been 
adopted and optimized over the past decade (Huber et al., 1991; Huber et al., 
1998). This method can detect both aromatic and non-aromatic organics, thus 
it provides better understanding of MW distribution in SEFs without a pre-
concentration step. By using this method, Huber et al. (2011) reported that the 
DOM fractions of SEFs with MW of larger than 20 kDa, around 1 kDa, 300 − 
500 Da, and smaller than 350 Da accounted for 11.1, 43.4, 18.4, and 20.8% of 
total DOMs, respectively. 
Nature of DOMs  
Till now, the nature of DOMs, particularly polarity (hydrophobic/hydrophilic), 
has been characterized by an approach of fractionalizing dissolved organics, 
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described by Laboratoire de Chimie de 1’Eau et de l’Environnement (LCEE) 
isolation protocol. The LCEE protocol, developed by Leenheer et al. (2000), 
classified the DOMs into hydrophobic matter (HPO), transphilic matter (TPI), 
hydrophilic matter (HPI) and colloids, as illustrated in Fig. 2.4. The HPO, 
mainly including humic and fulvic acids, is characterized by high aromaticity 
and strong UV response. Humic acids, derived from soil humus, 
terrestrial/aquatic plants and planktons, are polar, straw-colored organic acids 
with carboxylic as well as phenolic functional groups. The TPI fraction 
exhibits a smaller molecular size and more hydrophilic characteristic than the 
HPO fraction. The HPI fraction is a group of small molecules with carboxylic 
function groups. Colloids, such as polysaccharides and proteins, are supposed 
to be large molecules with hydrophilic characteristics. Polysaccharides are 
reported to be negatively charged and hydrophilic compounds, while proteins 
are supposed to be amphoteric compounds containing both acidic and basic 
functional groups. 
 
Figure 2.4. The classification of typical secondary effluent organic matter. 




























By using LCEE protocol, Jarusutthirak et al. (2002) isolated DOMs from two 
different WWTPs in France and they found that the HPO, TPI, HPI and 
colloids accounted for 25 − 30%, 18 − 19%, 28 − 29%, and 24 − 27% of DOC, 
respectively.  Imaia et al. (2002) analyzed the DOMs in the effluents from 
sewage and human waste treatment plants in Japan, and found that the HPI 
and HPO (aquatic humic substances), as dominant constituents of SEFs, 
accounted for 32 − 74% and 3 − 28% of the DOC, respectively. These results 
reveal that DOMs fractions in various SEFs could be quantitatively 
characterized by the LCEE method. However, this method was reported to be 
time-consuming and complicated in operation. More importantly, a slight 
modification of the DOMs nature might occur when going through the resin 
column used in the LCEE method.  
Recently, liquid chromatography-organic carbon detection (LC-OCD), as a 
more comprehensive method to classify and quantify DOMs, has been used by 
Huber (1998). In this method, based on different MW and physical-chemical 
characteristics of organics, the organics are separated by size exclusion 
column into five fractions, namely biopolymers, humic substances, building 
blocks, low molecular-weight (LMW) acids and LMW neutrals. These 
fractions are subsequently analyzed by online DOC, UV254 and dissolved 
organic nitrogen detector. Accordingly, the concentrations of these fractions in 
terms of carbon content, aromaticity and nitrogen content are determined. 
According to the definition given by Huber et al. (2011), biopolymers, 
including polysaccharides, proteins, amino sugars and so on, are the 
hydrophilic substances with a high MW ranging from 10 to 2,000 kDa and low 
UV adsorption (suggesting low aromaticity and high aliphaticity). Humic 
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substances, mainly composed of humic and fulvic acids, are a group of 
organics with molecular weight of around 1 kDa and with high aromaticity. 
Building blocks are the breakdown products of humic substances, and reflect 
the humic-like substances of lower MW. LMW acids, including saturated 
monoprotic acids and aromatic acid, are organic anions with MW smaller than 
350 Da. LMW neutrals, contributed by LMW alcohols, aldehydes, ketones, 
sugars and amino acids, are organics with MW smaller than 350 Da and with 
low ion density. Besides these five fractions, hydrophobic organic carbon 
(HOC), defined by the difference between total DOC and the sum of all 
above-mentioned fractionalized DOCs, are the compounds that strongly 
interacted with column material via hydrophobic interaction force and retained 
in the column.  
By using LC-OCD method, Rosenberger et al. (2005) summarized and 
compared the DOMs in six different municipal effluents of full-scale plants in 
France. The chromatographic results of various water samples showed that the 
peaks of biopolymers, humic substances, building blocks and LMW neutrals 
eluted in sequence according to their retention time. Among these organic 
matters, humic substances had the highest concentration. Biopolymer 
concentration in municipal SEFs from Germany and from the Netherlands was 
1.0 and 1.3 mg C/L, respectively. Huber et al. (2011) reported that 
biopolymers concentration of a domestic SEF was 0.34 mg C/L. Zheng et al. 
(2010) also reported that the biopolymers concentration of domestic SEFs 
ranged from 0.17 to 0.79 mg C/L. These results are within the same order of 
magnitude, indicating that LC-OCD is reliable in identifying and quantifying 




the dissolved organic fractions. However, the quantified information of 
humics, building blocks and LMW neutrals are still limited. 
In summary, the characteristics of SEFs vary dramatically depending on their 
source and upstream treatment processes. SEFs are mainly comprised of 
particles with low concentration and complex mixture of organic matters, 
which may play important roles on the UF membrane process. Their properties 
are determined by their size, surface charge, hydrophobicity and functional 
groups. The identification and quantification of organics in SEFs could be 
analyzed by LC-OCD. The investigation of SEFs characteristics would help in 
understanding the effects of feedwater properties on UF fouling. 
2.3 Factors Affecting Membrane Fouling 
As mentioned above, feedwater characteristics and membrane properties are 
two main factors responsible for membrane fouling. Foulants in feedwater, 
including particles, organic matters and ions, interact with membrane surface 
differently at various pH or ionic strength, consequently influencing the 
formation of membrane fouling layer. Hence, the fouling-influencing factors 
discussed in the following sections include: 
1. Feed solution properties: particles, various DOMs fractions, multivalent 
cations and ionic strength; 
2. Membrane properties: hydrophobicity, roughness, charge and functional 
groups. 
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2.3.1 Feed Solution Properties 
2.3.1.1 Particles 
Particles have been reported to affect UF fouling in terms of size screening 
and interaction with the membrane surface. Most particles are likely to be 
retained by the UF membrane (pore size smaller than 0.1 µm) due to size 
screening. The retained particles form a loose fouling layer because of the 
permeate drag force over the filtration process. Additionally, chemically-inert 
particles are held in the cake layer by relatively weak and non-specific 
interactions with the negatively charged membrane surface due to electrostatic 
double layer. Hence, the particulate foulants develop into a reversible cake 
layer.  
However, contradictory results related to particle impact on UF fouling have 
been reported. On the one hand, an increasing effect of particle concentration 
on fouling was found, explained by a larger total mass deposited on the 
membrane surface due to an increasing convective transportation rate of 
particle towards the membrane surface via the permeate drag force (Zhu et al., 
1997; Bourgeous et al., 2001; Howe et al., 2002). Particle fouling due to 
formation of cake layer was reported to be more dominant than small organic 
fouling due to pore blocking for long-term filtration processes (Costa et. al., 
2006). On the other hand, particles have been reported to cause minor fouling. 
Li et al. (2006) observed very small flux decline caused by silica, as particles 
were released from the membrane surface and re-suspended in the bulk phase. 
Jermann et al. (2008) found only a minor flux decline caused by particles, 
while organics led to a more severe fouling. These contradictory results might 




be explained by different particle-membrane interactions in different water 
samples. These interactions would be impacted by the mutual effect of 
particles and other constituents in SEFs. 
In terms of mutual effects, particle fouling was observed to be aggravated by 
the presence of organics (Jermann et al., 2008). It could be explained by the 
existence of dissolved organics, which would stabilize the particles and lead to 
a denser cake layer with higher resistance. It could also be due to hindered 
back diffusion of particles caused by the interactions between particle and 
organics foulants (Li et al., 2006). Moreover, calcium was found to reduce the 
fouling of particle and organic mixture because calcium enhanced the 
aggregation of the particles with organics adsorbed onto particles surface and 
led to the formation of a high porous fouling layer with a lower resistance 
(Jermann et al., 2008). Lastly, particle fouling was also found to be controlled 
by operating flux and membrane roughness (Zhu et al., 1997). Hence, the 
mutual effects of particles and other constituents in the SEFs would influence 
the interaction between the particles each other as well as particles and 
membrane surface, and consequently influence fouling. There is a need to 
study the synergized effects of particles and other constituents on fouling.  
2.3.1.2 DOMs 
Fouling by DOMs is complicated because of the specific interactions between 
various organics and the membrane. It could be influenced by the DOM size, 
charge, chemical functionality, molecular conformation and solution 
chemistry. In SEFs, biopolymers (including polysaccharides and proteins) and 
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humics have been identified to be relevant to membrane fouling (Lin et al., 
2000; Jarusutthirak et al., 2002; Ernst et al., 2008).  
Biopolymers 
Biopolymers, with MW ranging from 10 to 2,000 kDa, are hydrophilic 
carbonaceous compounds that can be rejected by UF membrane due to their 
large size. Previous studies used model polysaccharides and proteins, the 
major constituents of biopolymers, to investigate their fouling behaviour and 
mechanisms. Polysaccharides or polysaccharide-like substances were found to 
exist on fouled NF and UF membranes (Cho et al., 1998). They also exhibited 
higher fouling potential than other DOM isolated from SEFs (Jarusutthirak et 
al., 2002). The mechanism of polysaccharide fouling is by covering the 
membrane surface with a cake/gel layer via size screening and their weak 
association with membrane through hydrogen bonding or Van der Waals 
forces (Jermann et al., 2008).   
Proteins were found to cause membrane fouling, and membrane fouling 
developed faster when their size and concentration increased (Rosenberger et 
al., 2005). More rapid flux decline was observed at higher protein 
concentration due to a greater amount of foulant mass convectively 
transported towards the membrane surface (She et al., 2009). The fouling 
caused by proteins was explained by the formation of gel/cake fouling layer as 
well as electrostatic interactions with membrane surface and formed fouling 
layer (Amy et al., 2008). By contrast, in a cross-flow system, low protein 
retention by UF and slow fouling rate caused by proteins were observed 
because of their relatively small size as well as the repulsion between 




negatively charged proteins and negatively charged membrane surface at 
neutral pH (She et al., 2009; Wang et al., 2011). In the above-mentioned 
fouling studies, model chemicals or synthetic waters with high concentration 
(around 10 mg C/L) were used to conduct the fouling runs, which were not 
comparable to the fouling caused by real complex SEFs with biopolymers 
concentration lower than 1 mg C/L. Additionally, a vast number of these 
studies have focused on organics fouling behavior in high-pressure membrane 
systems (Cho et al., 1998; She et al., 2009; Wang et al., 2011); however, only 
a handful number of systematic studies have looked into the organic fouling 
behavior in low-pressure membrane systems.  
Recently, Jacquement et al. (2005) used LC-OCD to analyze the biopolymer 
concentration of the SEF and its UF permeate, the removal of biopolymers by 
UF membrane was found to be 62%. Ernst et al. (2008) found that higher load 
of biopolymers led to higher fouling resistance. Zheng et al. (2010) further 
observed that biopolymer fouling layer was hydraulically removable and 
compressible. It is reasonable to propose that biopolymers might be the major 
foulants affecting filterability. These studies provided some insight into the 
correlation between biopolymers in SEFs and UF fouling behavior. However, 
it is yet to elucidate the quantitative effect of biopolymers on fouling 
development. More importantly, the mutual effect of biopolymers and other 
constituents in SEFs is unclear, which would significantly impact the fouling 
performance. Additionally, the effect of biopolymers has to be further verified 
in large-scale systems.  




The rejection of humic acids (HA) by UF varies and largely depends on the 
UF membrane properties. The HA retention by a hydrophobic membrane with 
MWCO of 10 kDa ranged from 60 to 80% (Aoustin et al., 2001; Lin et al., 
2008), while the HA retention by a membrane with MWCO of 100 kDa was 
around 20% (Jermann et al., 2008). The different HA removal efficiencies 
were due to the relatively different HA sizes compared to membrane pores as 
well as the various adhesion force between HAs and membrane material. HA 
could be rejected by UF mainly due to pore constriction, gel layer formation 
and adsorption. HA, with size ranging from 1 to 5 kDa, could lead to pore 
constraining and blocking for loose UF membrane, but surface layer clogging 
for tight UF membrane. Besides, HA with hydrophobic characteristics could 
adhere to membrane or particles by hydrophobic interactions.  
HAs are supposed to be minor foulants in UF filtration as a relatively lower 
HA retention occurs compared with particles and biopolymers. However, 
Aoustin et al. (2001) found a 50% flux drop caused by HAs for a UF 
membrane with MWCO of 100 kDa.  Lin et al. (2008) reported that HAs led 
to a less significant flux decline due to the formation of surface gel layer on a 
tight membrane (10 kDa), but a severe flux decline due to pore blockage on a 
loose membrane (100 kDa). Ernst et al. (2008) also found that humic-like 
compounds might contribute to organic foulants by using fluorescence 
emission excitation spectrometry (EEM). Furthermore, Jacquemet et al. (2005) 
found the existence of humic substances in the deposited fouling layer by 
using LC-OCD. It was also reported to contribute to physically irreversible 




fouling by pore plugging and adsorption on/in the membrane (Jermann et al., 
2007; Yamamura et al., 2007). These results reveal that humic substances 
could contribute to UF fouling to a certain extent.  
The HA filtration and fouling profiles are influenced by multivalent cations, 
organic composition and particle status. Aoustin et al. (2001) found that, at the 
presence of 0.5 mM of calcium, HA rejection was low due to the curling up of 
humic molecules; while at the presence of calcium concentration larger than 4 
mM, HA rejection was high due to the coagulation of HAs. A more rapid flux 
decline caused by HAs was observed with the increasing calcium 
concentration because organic aggregation occurred. Jermann et al. (2007) 
reported increasing HA fouling with the presence of calcium because the 
adsorption of HAs to the membrane increased. Additionally, HA fouling was 
accelerated by the presence of alginate (Jermann et al., 2008). An explanation 
was provided - the adsorption of HAs in the membrane pores led to pore 
narrowing and increased the alginate fouling; subsequently, the increased cake 
layer retained more HAs and increased the HA fouling. These studies suggest 
that HA fouling was complex in a mixture of various constituents. However, 
few studies investigated the quantified effect of HA on fouling, and synergized 
fouling propensity of HA together with other constituents in SEFs is not fully 
understood.  
2.3.1.3 Divalent Cations 
Divalent cations, especially calcium and magnesium, play an important role in 
membrane fouling by changing the properties of organics. They influence 
specific organic fouling differently due to different association between 
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divalent cations and the organics (Katsofidou et al., 2008). The presence of 
calcium and magnesium can accelerate protein and humic fouling (Hong et al., 
1997; Wang et al., 2011). The reason could be as follows: with the presence of 
divalent cations with high concentration, the electrostatic repulsions between 
negatively charged proteins as well as between protein and negatively charged 
membrane surface are reduced via divalent ion bridging. This charge 
neutralization effect could lead to a reduction in electrostatic repulsion and 
hence a rapid deposition or adsorption of protein molecules on the membrane 
(Aoustin et al., 2001). Additionally, calcium can help to aggregate the 
organics and colloids via the formation of Ca2+-NOM complexes, which 
enlarges the size of foulants and promotes pore blocking. The results are 
supported by the study of Tipping et al. (1984), in which the increase of 
complex degree was observed with the increase of CaCl2 concentration. Lastly, 
the reason for the acceleration effect of calcium on humic fouling was the 
transition in humic molecular configuration from a stretched and linear one to 
a small and coiled conformation due to cation binding of humic acids (Van 
Dijk, 1970; Li et al., 2004), leading to a more compact fouling layer with 
higher hydraulic resistance (Hong et al., 1997; Aoustin et al., 2001).  
Interestingly, some studies reported that calcium had little impact on 
membrane fouling (Zhu et al., 1997; Li et al., 2006), with the explanation that 
the electrostatic interaction was overshadowed by the effect of permeation 
drag and hydrodynamics. Costa et al. (2006) reported that the presence of 
calcium hardly impacted humic fouling when calcium concentration was 
lower than 0.3 mM. Only when the calcium concentration was above a critical 
value of 0.3 mM was the flux decline fastened by increasing calcium. It was 




likely caused by the shear force provided by stirring, which mitigated the 
fouling and overcame the favorable impact of calcium on fouling. 
Calcium has also been observed to reduce UF fouling when particles and 
organics coexist (Jermann et al., 2008). It could be that the existence of 
calcium promoted organics aggregation via the formation of calcium-organic 
complexes and enlarged the size of potential foulants, leading to a porous 
fouling layer with low hydraulic resistance.  
Such different calcium effect on UF fouling is caused by various interactions 
between calcium and potential foulants, which depend on organics 
composition and concentration, status of suspended and colloidal particles, 
solution chemistry as well as hydrodynamic conditions. Till now, the effect of 
calcium on UF fouling has not been well explained and quantified. It is 
necessary to systematically study the effect of calcium on UF fouling in low-
pressure filtration system.   
2.3.1.4 Ionic Strength 
In industrial applications, SEFs with high salt concentration might be filtered 
by the UF membrane process. High ionic strength would reduce intra-
molecular electrostatic repulsion and compress the electrical double layer, as 
well as aggregate colloids and increase the sizes of particles. Such changes 
would promote the deposition or adsorption of particle/organics onto the 
membrane. The increasing effect of ion strength on fouling has been reported 
by a vast number of studies. Yuan et al. (1999) found that humic acid fouling 
was accelerated with increasing ionic strength, because humic acid adsorption 
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was enhanced due to the reduction in electrostatic repulsion between the 
negatively charged humic acids and the membrane. Wilf et al. (2001) and 
Vrijenhoek et al. (2001) also reported that a more severe colloidal fouling of 
RO membrane was caused by a high ionic strength because of a reduction in 
repulsion between the particles and the membrane. She et al. (2009) found that 
protein fouling became more severe when the feed ionic strength was 
increased due to shielding of intermolecular electrostatic repulsive force at a 
greater ionic strength. 
In contrast, the reduction in membrane fouling at high ionic strength has also 
been observed. Shon et al. (2006) found that flux decline by the SEF with a 
conductivity of 15 mS/cm was 5% smaller than that by the SEF with a 
conductivity of 0.25 mS/cm. She et al. (2009) also observed that the protein 
fouling rate in a RO system was reduced at higher ionic strength due to the 
lower retention of protein. This marginal decrease in flux decline at high ionic 
strength was explained by the modification of the organic structure, in which 
organic molecules formed a spheric-structure at high salt concentration rather 
than a linear structure at low salt concentration. Such a variation of organic 
structure caused a more porous fouling layer and consequently, a diminution 
of fouling, which was also supported by Aoustin et al. (2001).  
In short, the effect of ionic strength on membrane fouling is largely impacted 
by particle and organic aggregation status, solution chemistry (pH or ion 
composition) and the membrane surface charge. However, most of the studies 
investigated the effect of ionic strength on membrane fouling in high-pressure 
membrane systems (NF and RO), with few being reported for low-pressure 




membrane systems. Thus, there is a need to understand the effect of ionic 
strength on UF fouling in SEFs solution environment. 
2.3.2 Membrane Characteristics 
2.3.2.1 Contact Angle (θ)  
Contact angle is used to determine the hydrophobic nature of membrane. A 
larger contact angle indicates a greater hydrophobicity of the membrane 
surface. The hydrophobic nature of the membrane affects hydrophobic 
interactions between the membrane and the foulants. Hydrophobic membranes 
adsorb relatively hydrophobic matters, causing significant pore blocking and 
narrowing as well as a rapid flux decline. Generally, hydrophobic membranes 
were found to exhibit higher fouling potential compared to hydrophilic 
membranes (Jönsson et al., 1995; Gray et al., 2007). Compared with clean 
membranes, the contact angle of membranes increased when they are fouled 
by hydrophobic matters, while it decreased if they are fouled by hydrophilic 
matters (Cho et al., 1998; Al-Amoudi et al., 2008). It indicates that fouled 
hydrophobic membranes might exhibit higher fouling potential compared to 
fresh hydrophobic membranes. 
2.3.2.2 Roughness 
Membrane roughness is an important factor influencing the cake layer 
formation. It has been proposed that large “filling-in points” present on 
rougher membranes were more prone to create fouling layers, compared to the 
fewer and smaller “crevices” observed on smoother membranes (Le-Clech et 
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al., 2006). The flux reduction was markedly higher when rougher membranes 
were employed (Ho et al., 2006; Tang et al., 2007). 
2.3.2.3 Zeta Potential 
It is known that electrostatic interactions between foulants and membrane 
surfaces governed the membrane rejection and fouling performance. 
Jarusutthirak et al. (2002) found that DOM rejection, flux decline and fouling 
mechanisms were related to the membrane surface charge. Cho et al. (1998) 
observed that membranes fouled with both hydrophobic and hydrophilic 
matters usually exhibit lower zeta potential values. This is due to ionizable 
acidic functional groups associated with the membrane were coated with less 
charged or non-charged NOM components.  
2.3.2.4 Functional Groups 
Membrane functional groups affect their interaction with the foulants. Cho et 
al. (1998) found that the carboxylic and aromatic groups of the membrane 
were coated by foulants. According to FTIR spectra results, the typical 
functional groups of widely used membrane, such as polyamide (PA), 
polyethonesulfones (PES) and sulfonated PES, mainly included aromatic 
double bonded carbons, carboxylic groups and C-O bond of ethers or 
carboxylic groups. These functional groups exhibit high potential to interact 
with organic foulants in SEFs (Jin, 2010). 
In summary, contradictory results regarding specific roles of particles, DOM 
fractions, cations and ionic strength on UF fouling have been found. It is 
because the interactions between foulants as well as foulants and membrane 




are widely different in various solution environments. Particle and organic 
aggregation status, DOM characteristics (including chemical functionality and 
nature, molecular size, hydrophobicity and charge), solution chemistry 
(including ion composition, ionic strength and pH), membrane characteristics 
(including hydrophobicity, roughness, zeta potential and functional groups) 
and hydrodynamic conditions (including operating flux, pressure and air 
scouring) could all affect membrane fouling in a complex and synergized way. 
However, quantified information pertaining to the effect of major foulants on 
fouling is still limited, and synergized effects of constituents in SEFs are 
underestimated. Additionally, most of previous studies used model compounds 
or synthetic water in high concentration to feed lab-scale dead end filtration 
units with non-commercialized membrane, which cannot be compared with 
real cases. Thus, it is necessary to further investigate the individual and mutual 
effects of major foulants at concentration comparable to SEFs in long-term UF 
filtration processes. 
2.4 Reversible and Irreversible Foulants 
Membrane fouling can be classified into hydraulically reversible, 
hydraulically irreversible and chemically irreversible fouling. As proposed by 
Meng et al. (2009), hydraulically reversible fouling, which can be removed by 
a physical cleaning (hydraulic and/or pneumatic opeartion), is mainly caused 
by cake layer formation. Hydraulically irreversible fouling, mainly caused by 
tight attachment and pore blocking, refers to the fouling that remains after 
physical cleaning. Such fouling is governed by not only surface interactions 
between foulants and membranes, but also hydrodynamic conditions such as 
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air scouring and backwashing efficiency. Chemically irreversible fouling is 
designated to the residual fouling after a chemical cleaning (caustic and/or 
chlorine treatment) and such fouling is mainly related to pore blocking. For 
water treatment or wastewater reuse plant, physically and chemically 
irreversible fouling, rather than total fouling, determines the long-term 
performance of a low pressure membrane system. Hence, reversible and 
irreversible fouling has to be investigated.  
2.4.1 Fouling Reversibility  
Several studies have investigated the reversibility of organic foulants. Huang 
et al. (2007) reported that organic colloids predominantly contributed to the 
total fouling and potentially to irreversible fouling. Yamamura et al. (2007) 
found that organic matters, especially hydrophobic humic-like components 
with small molecular weights, were mainly responsible for physically 
irreversible fouling. Zheng et al. (2010) observed that 88% of the biopolymers 
on the fouling layer could be removed by hydraulic backwashing, and the 
removal efficiency of the backwashing decreased with increasing biopolymers 
mass load and filtration pressure. However, fouling reversibility caused by 
other potential foulants, such as hydrophobic organic matters and inorganic 
substances, has yet to be well defined. The individual and synergized effects 
of feedwater constituents on fouling reversibility are still poorly understood. 
Moreover, many previous reversibility studies were based on short-term 
experiments which were not comparable to the physically or chemically 
irreversible fouling that occurred in real applications (Yamamura et al, 2007). 
Thus, a better understanding of fouling reversibility of components in SEFs 




and the effect of water characteristics on the fouling reversibility is necessary 
for determining the fouling control strategies.  
2.4.2 Assessment of Reversibility 
For long-term operating membrane systems, it is necessary to investigate a 
proper quantitatively index to assess the fouling reversibility. By using a 
proper assessing method, fouling performance of membrane system with 
multiple backwashing and chemical cleaning cycles could be quantitatively 
correlated to fouling control parameters, such as feed characteristics, 
membrane property and operational conditions. This correlation would help in 
predicting and monitoring the fouling development. 
In previous studies, fouling performance was qualitatively assessed based on 
the TMP increasing curve as a function of filtration time for constant flux 
filtration mode or the permeate flux decreasing curve as a function of 
cumulative filtrated volume for constant pressure filtration mode 
(Jarusutthirak et al., 2006; Zheng et al., 2011). Although these methods 
provide useful information, they can be applied to neither membrane processes 
with nonlinear TMP evolution nor filtration processes with backwash cycles. 
Alternatively, the time duration taken for TMP or specific flux to reach a 
designed value during one filtration cycle can be used to compare the fouling 
performance of filtration process (Huang et al., 2007; Zheng et al., 2010). 
However, these methods cannot distinguish reversible and irreversible foulants, 
and thus they are not comprehensive for interpreting the fouling behaviour of 
continuously operating system. Therefore, there is a lack of reliable method to 
assess reversible and irreversible fouling of long-term operating UF systems. 
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To overcome these drawbacks, Huang et al. (2008) proposed a series of 
unified membrane fouling indices (UFIs) for low pressure membrane filtration 
to identify reversible and irreversible foulants. The UFIs, derived from the 
resistance-in-series model, defined four indices: total fouling index (TFI), 
hydraulic-reversible fouling index (HRFI), hydraulic-irreversible fouling 
index (HIFI) and chemical-irreversible fouling index (CIFI). Lately, Nguyen 
et al. (2011) applied the UFIs to assess fouling performance of both bench-
scale and full-scale low pressure hollow fiber membrane systems and the UFIs 
were validated by comparison between bench-scale and full-scale data. The 
UFIs is proposed to be a promising approach to quantitatively assess the 
reversible and irreversible fouling of UF system with multiple hydraulic 
backwashing and chemical cleaning. However, the validation of these UFIs 
was only conducted in two filtration systems fed by limited water sources. 
Additionally, the correlation between UFIs and feedwater characteristics has 
not yet been fully investigated. Hence, verification of UFIs in large-scale 
filtration systems fed by various waters and studies of the effect of water 
characteristics on UFIs are necessary to be conducted before actual industrial 
application. 
2.5 Fouling Predicting Tools 
Fouling indices and fouling prediction models for predicting feedwater fouling 
propensity and simulating filtration process have been developed to provide 
early diagnosis of fouling. A reliable fouling prediction could help in 
determining the threshold of feedwater quality, optimal operational parameters, 
fouling control strategies and membrane cleaning/replacement cost. In the 




following sections, existing fouling predicting indices and models are 
reviewed; subsequently, potential drawbacks of the current tools are evaluated 
to highlight the rationale for the alternative method proposed in the present 
study. 
2.5.1 Fouling Predicting Index 
2.5.1.1 Existing Fouling Indices 
To predict fouling propensity of membrane feedwater, several fouling 
predicting indices have been developed by means of simple, short, empirical 
filtration tests. The silt density index (SDI) was first developed by Schipper et 
al. (1980) to characterize the fouling potential of RO feedwater. This test was 
a simple standardized filtration test in a pressurized dead-end filtration cell (30 
psi). However, SDI suffers from inaccuracy and unsatisfying repeatability 
because it is not based on any filtration mechanism (Choi et al., 2009). Also, 
as highlighted by Mosset et al. (2008), SDI is a sensitive parameter whose 
repeatability may be poor due to the difference in operator’s technique. To 
overcome these drawbacks, modified fouling index (MFI) was developed 
based on SDI tests by Shipper et al. (1985). MFI test monitored the flux 
variation under constant pressure in a 0.45-µm membrane system and 
calculated the index based on cake filtration mechanism. The MFI was found 
to be linearly correlated to particle concentration of water samples and its 
reproducibility was improved compared to the SDI. Nevertheless, MFI was 
found to be insensitive to the presence of small particles and dissolved 
components that might play active roles in membrane fouling (Boerlage et al., 
2001). To solve this problem, Boerlage extended the MFI to MFI-UF and 
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MFI-NF by replacing the 0.45-µm membrane filter with UF and NF 
membrane filters (Boerlage et al., 2003; Khirani et al., 2006). The MFI-UF 
and MFI-NF can capture fine colloids and certain dissolved components; 
however, the reliability of their results greatly depends on the selection of 
UF/NF membrane filters, and their dead-end operational mode at constant 
pressure may not be comparable to the real RO process that uses cross-flow 
operational mode at a constant flux. Therefore, cross-flow sampler modified 
fouling index ultrafiltration (CFS-MFIUF) was developed to incorporate the 
hydrodynamic effect, such as cross-flow and constant flux hydrodynamics 
(Sim et al., 2010). However, this index has yet to be standardized since its 
value was influenced by cross-flow velocity and applied flux (Sim et al., 2011). 
It might be promising but required further evaluation before consideration for 
industrial application.  
Additionally, the above-mentioned fouling indices were mainly used to 
measure water with low fouling potential, such as RO feed of low turbidity 
(around 2 NTU) and low DOC (around 5 mg/L). These tests failed when 
measuring the water with high fouling potential, particularly feedwater for 
low-pressure membrane process; because filter paper experienced heavy 
clogging by foulants in these water samples. Thus, these traditional fouling 
indices have rarely been applied to measure fouling propensity of UF 
feedwater. 
Recently, specific ultrafiltration resistance (SUR) was developed for 
evaluating the fouling potential of feedwater for low-pressure membrane 
filtration process (Roorda et al., 2005). This test uses UF membrane as testing 




filter and is operated under low pressure (lower than 10 psi). Nevertheless, its 
stabilization duration (at least 30 min) is longer than the indices obtained at 
high pressure, causing the test to be time-consuming (Janssen et al., 2008). 
Besides, there is no standardized set-up for this test. The difference in 
fabrication of testing apparatus may lead to the discrepancy of SUR results. 
Due to the above limitations, the SUR application is still limited. Therefore, 
there is a pressing need to develop a simple, quick, standardized and reliable 
fouling predicting index to evaluate fouling propensity of UF feedwater.  
2.5.1.2 Effect of Operating Pressure on Fouling Index 
In order to develop a simple, quick, standardized and reliable test, 
modification to traditional fouling tests could be explored to fulfil the 
requirement of fouling index for UF feedwater. As explained above, during 
the traditional fouling indices tests, applied pressure provides the driving force 
to overcome heavy clogging of foulants. In this case, higher flux could be 
achieved at higher applied pressure; consequently, higher fouling load could 
be brought to the filter paper (Alhadidi et al., 2011). Thus, increasing 
operating pressure is expected to be a possible approach to extend the 
traditional fouling indices to a modified index for analyzing the water samples 
with higher fouling potential.  
Moreover, raising operating pressure could improve stability of the test 
because the cake layer on filter paper is compressed under high pressure and 
cake porosity is reduced (Boerlage et al., 2003). This cake compression 
subsequently leads to an increase in the specific cake resistance and a more 
stable cake layer structure (Sim et al., 2011). Consequently, this stable 
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filtration process could reduce the deviation between repeating tests. This 
compression effect was reported to ubiquitously exist for most foulants in UF 
feed (Roorda et al., 2005). However, few studies were conducted to 
investigate the impact of operating pressure on the sensitivity and repeatability 
of fouling index test. Thus, it is necessary to investigate the feasibility of 
increasing applied pressure of traditional fouling indices, which could be a 
potential approach to establish a reliable fouling index for UF feedwater. 
2.5.1.3 Effect of Water Quality on Fouling Index 
Assessment and prediction of UF fouling performance by fouling index is 
difficult due to the complexity of feed water (SEFs) in both quantity and 
quality (Mosset et al., 2008). As discussed in Section 2.3, UF membrane 
fouling was related to the amount and characteristics of potential foulants as 
well as the interactions between these foulants (Park et al., 2006; Zheng et al., 
2009). In previous studies, the effect of foulants on fouling index has been 
studied individually. Park et al. (2006) found that MFI significantly increased 
with increasing particle concentration in a linearly relationship and Chuang et 
al. (2009) reported that MFI of larger molecular organics was higher than that 
of smaller ones. Sim et al. (2010) reported that CFIS-MFIUF increased with 
increasing humic acid concentration. Besides, it was found that pH and salt 
concentration influenced the fouling indices (Kabsch-Korbutowicz et al., 1999; 
Mousa, 2007). These studies have given some insights into the effect of 
critical water quality parameters on fouling indices; however, the quantitative 
information of this effect is still limited. Additionally, the combined effect of 
these parameters on fouling index needs to be investigated because the 




combined effect significantly influences fouling index value (Jermann et al., 
2008). However, this has been seldomly reported and thus is poorly 
understood. Therefore, there is an need to quantify the individual and 
combined effect of major foulants on fouling index. 
2.5.1.4 Validation of Fouling Index 
Validation study for fouling index has to be conducted to prove its reliability. 
Although it is reported that the existing fouling indices were related to fouling 
performance (Janssen et al. 2008; Nguyen et al., 2011), poor correlation 
between fouling indices and full-scale membrane systems fouling performance 
has been pointed out (Choi et al., 2009; Yu et al., 2010). The inadequate 
quantitative information of this correlation limited the application of the 
fouling index. This poor correlation might be owing to the neglect of operating 
mode and conditions, which greatly influenced the correlation (Howe et al., 
2007). Most of the validation studies were not conducted in a system operated 
under typical operating conditions applied in full-scale systems. The typical 
operating conditions for full-scale units, specifically using hollow fiber 
membrane at constant flux with hydraulic backwash in dead-end mode, have 
rarely been employed in existing fouling indices validation studies. 
Additionally, important operating parameters, such as filtration flux and 
pressure, have not been considered when predicting UF fouling performance 
by fouling index. These points might lead to significant discrepancies between 
fouling propensity predicted by fouling index and the actual performance of 
UF plants. Therefore, it is still necessary to establish a more reliable fouling 
index validated by bench and full-scale system, and subsequently, develop a 
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fouling predicting approach on the basis of fouling index and operating 
condition.  
2.5.2 Fouling Predicting Models 
Fouling predicting models could be used to predict and simulate the 
membrane fouling evolution in filtration process. Till now, two types of 
models have been widely studied, namely “white-box” blocking-law models 
and “black-box” regression models. 
2.5.2.1 White-Box Model 
The “white-box” blocking-law models are purely mechanical models 
developed from Darcy’s law, which states that when applied pressure is 
constant, permeate flux is proportional to the applied pressure and inversely 
proportional to the resistance caused by foulants and membrane. Based on this 
theory, several theoretical fouling models have been established as listed in 
Table 2.5. These models can help to simulate and predict the flux decline and 
fouling development as a function of filtration time. However, these 
theoretical models have yet to be verified when applied to full-scale 
membrane systems. The reason is that the expression and calculation of these 
models are not simplified for easy adoption by the industry (Kim et al., 2009). 
Besides, assumptions defined by these models are too strict and theoretical, 
which could not be fulfilled in the real application (Marriott, 2001).  
 
 




Table 2.5. Mathematical expressions of fouling mechanisms. 
No. TYPE MODEL EQUATION REFERENCE 
1 Semi empirical 
models 
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SYMBOLS: 
J-permeate flux,  Jf-fouled flux, J0-initial flux at time zero, 
Rm-hydraulic resistance of membrane,  Rd-hydraulic resistance of deposit,  
Rbl-hydraulic resistance of boundary layer,   
αd-specific resistance of deposit,  Md-mass deposited per unit area,    
∆P-transmembrane pressure difference,    t-time, 
Km-the system parameter relating to membrane resistance, 
Kp-the system parameter relating to pore blocking resistance,  
Kc-the system parameter relating to cake formation resistance. 
2.5.2.2 Black-Box Model 
In order to avoid strict assumption and complex calculation, the regression 
models, so-called “black-box models”, have been developed to predict 
membrane fouling by regressing available performance data and extending it 
to unavailable data. Since the membrane fouling development is a multivariate 
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and non-linear process, sophisticated statistical tools should be employed to 
establish the model. Teodosiu et al. (2000) used artificial neural network 
(ANN) to describe the flux evolution of hollow fiber UF process based on the 
input of initial permeate flux and filtration time. A maximum error of 7.7% 
between predicted and experimental output was found for the built AAN 
model. Similarly, Liu et al. (2008) used ANN to simulate and predict the TMP 
evolution of a hollow fiber UF system based on the input of flux, turbidity of 
feedwater and filtration time. An excellent agreement between the predicted 
and experimental TMP data was reported with a small error lying in the range 
of -0.1 to 0.2 kPa. These ANN models established based on easily obtained 
operation parameters, such as flux and filtration time; and they exhibited 
excellent agreement between predicted and experimental data. Alternatively, 
Peiris et al. (2010) used principal component analysis (PCA) analysis to 
extract the principal components (PCs) that contained the most important 
information relevant to the UF fouling, and then correlated these PCs to 
membrane fouling performance. However, the ANN and PCA models could 
neither provide insights into the direct correlation between input and output 
from theoretical aspect, nor shed some lights on the fouling mechanism; which 
undermines the general application of the model to other membrane filtration 
systems with different operation parameters. Besides, the establishment of 
these models needs a huge number of databases, usually several hundreds of 
dataset (Teodosiu et al., 2000; Peiris et al., 2010). The process of data mining 
was time-consuming. Therefore, it is necessary to find a reliable statistic tool, 
which could accurately predict the fouling evolution and more importantly, 
could contribute to a better understanding of the fouling mechanism.  




To elucidate the effects of fouling factors, Peng et al. (2004) employed a 
conventional design of experiment (DOE) to investigate the influences of four 
independent fouling factors, i.e., membrane type, dissolved organic carbon 
composition, divalent cation and monovalent cation, on the flux decline of NF 
and RO system. Quantitative linear models were then established to predict the 
fouling by using quantitative analysis methods. It is found that the mean 
square prediction error (MSPR) of the built model was close to the mean 
square error (MSE), indicating a predictive ability of the model. These 
factorial analysis and regression models have succeeded in identifying the 
effects of fouling factors on fouling performance, as well as in simulating and 
predicting the fouling performance of a few lab-scale systems. However, there 
are still limited studies in this field of applying the regression models to large-
scale UF filtration system. One main reason is that most of the studies were 
conducted using synthetic foulants and the fouling behaviour caused by 
synthetic foulants was with limited comparability to that caused by real treated 
wastewater with more complex constituents (Amy, 2008). There is a 
noticeable gap in extracting the principal fouling information from the 
database obtained by undesigned feedwater and elucidating the combined 
effects of these foulants based on the built models. To analyze the cause-and-
effect linkage between a set of input parameters and a set of output variables 
based on such already available and undersigned database, an approach, 
referred to “reverse” DOE, has proved to be useful; as long as the changes in 
the available data correspond to the pattern of what would have been needed 
in a conventional design of experiments (Loy et al., 2002). Thus, it is 
promising to apply the “reverse” DOE into analysis the most important fouling 
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factors based on the undesigned database with limited experimental runs, and 
subsequently, establishment of the predicting model base on the principle 
fouling factors. 
Therefore, further investigation of a reliable regression model for predicting 
UF fouling is required. It is promising to combine the feedwater fouling index 
and operating parameters as inputs of statistic regression fouling models, to 
establish an easily adopted model with a high agreement between predicted 
and experimental results.  
2.6 Summary 
In order to reuse wastewater, low-pressure membrane processes, especially UF, 
have been widely used to pre-treat SEFs to facilitate further treatment by RO 
process. Membrane fouling is a major obstacle to wide application of UF. UF 
fouling is influenced by the characteristics of feedwater (SEFs), membrane 
characteristics and hydrodynamic conditions. 
The characteristic of SEFs are complex and influenced by wastewater source 
as well as the type and efficiency of upstream treatment process. Particles and 
DOMs, as the major constituents in SEFs, were characterized by their size, 
surface charge, hydrophobicity and functional groups. Qualification and 
quantification of organics could be well obtained by using LC-OCD. However, 
information of important organic components, especially humic substances 
and low molecular weight organic matters are still limited.  
Although there is a handful of publications regarding major foulants for UF 
membrane systems, contradictory results have been found in defining specific 




roles of particles, DOM fractions, cations and ionic strength in UF fouling due 
to a wide variety of interactions between foulants as well as foulants and 
membrane in different solution environments. Most of previous studies used 
model compounds with high concentration as feedwater for the lab-scale dead-
end filtration set-ups with non-commercialized membrane, which is not 
comparable to real applications. Besides, quantified information of major 
foulants effect on fouling is still limited and their synergized effects are 
underestimated. Hence, to better understand the fouling behaviour in full-scale 
UF system and draw explicit conclusion of the correlation between water 
constituents and flux decline, it is necessary to conduct fouling studies by 
using SEFs as feedwater for UF system operated at the similar operating 
conditions of full-scale system. 
The information of fouling reversibility is important to long-term operating 
system. However, reversibility of some important foulants, such as 
hydrophobic organic and inorganic substances, has yet to be well explained. 
The individual and synergized effects of feed characteristics on fouling 
reversibility are poorly understood. On the other hand, there is a lack of 
reliable assessing method to distinguish reversible and irreversible fouling. 
Consequently, a comprehensive study on reversibility of specific potential 
foulants and assessing method for reversible and irreversible fouling is 
necessary to better determine fouling control strategies for long-term operating 
systems.  
There is a noticeable gap in establishing a convincing and standardized fouling 
predicting tool. Existing fouling indices have rarely been applied to measure 
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fouling propensity of UF feedwater due to their inaccuracy, instability and 
narrow test limits. The validation studies of these fouling indices were 
conducted at lab-scale system with limited comparability to full-scale system. 
Moreover, fouling predicting models have yet to be successfully applied in 
large-scale UF systems due to disregards for major fouling-control parameters. 
Thus it is necessary to develop a standardized fouling index for UF feedwater 
and establish a reliable fouling predicting model for early diagnose of fouling. 
These fouling predicting tools are needed to be verified in both small and 
large-scale UF system which operated under typical conditions employed by 































CHAPTER 3  
MATERIALS AND METHODS 
3.1 UF Membrane Systems  
3.1.1 Flat Sheet UF System 
In the study described in Chapter 4, flat sheet polyethersulfones (PES) UF 
membrane with pore size of 0.03 µm (GE Osmonics) was used. Its 
characteristics are listed in Table 3.1. A membrane module with a total surface 
area of 0.039 m2 was fabricated and mounted in a submerged filtration reactor 
as shown in Fig. 3.1. The UF system was operated in the dead-end filtration 
mode at a membrane flux of 30 LMH by following a suction cycle of 10-min 
on and 1-min off. Meanwhile, a diffuser with an aeration rate of 2 L/min was 
placed below the membrane to mitigate fouling. During each filtration run, the 
trans-membrane pressure (TMP) was recorded and plotted against the 
filtration time. The retentate was always being accumulated in the bulk 
solution without discharge until the TMP increased to 60 kPa, which was 
defined as the termination of a filtration run. The fouling propensity for each 
filtration run was assessed by the slope of the TMP curve when an obvious 
TMP increase was observed.  
Table 3.1. Characteristics of the flat sheet membrane. 
Material Pore size Zeta potential Contact angle Manufacturer 









Figure 3.1. (a) Schematic diagram; and
3.1.2 Hollow Fiber UF System
3.1.2.1 Lab-scale Hollow Fiber UF system
Another system with hollow fiber UF membrane was used in the study 
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The membrane characteristics are summarized in Table 3.2 and the picture of 
the membrane module is shown in Fig. 3.2. The UF system, as shown in Fig. 
3.3, was operated in the dead-end filtration mode at a membrane flux of 40 
LMH following a filtration cycle of 10-min on, 30-s off, 30-s backwash and 
another 30-s off. Meanwhile, aeration at an airflow rate of 4 L/min was 
performed at the initial and final 30-s of the filtration period, as well as during 
the 30-s of backwash. During each filtration run, the TMP was measured and 
recorded every 30 s by a pressure transducer (Shanghai Ke Qi Automation Co., 
Ltd., KQ-SPB) a datalogger, respectively. Assessment of fouling behaviour in 
this multiple cycle filtration system will be further described in Section 3.6.  
Table 3.2. Properties of ZeeWeed-1 membrane module. 
ZeeWeed-1 module Properties 
Membrane material Polyvinylidenefluoride (PVDF) 
Membrane pore size (µm) 0.036 
Module type Outside/in hollow fiber 
Membrane surface area (m2) 0.046 
Outer/inner diameter(mm) 1.9/0.8 
Maximum operating pressure (kPa) 62 
Operating pH Range 5-9 




Figure 3.2. Picture of a new ZeeWeed
Figure 3.3. Picture of 
 
3.1.2.2 Pilot-scale Hollow Fiber UF system
A pilot unit with hollow fiber UF membrane modules (ZeeWeed
Water & Process Technologies) was used to filter industrial SEFs. The results 
obtained from this system will be reported in Chapter 6 to validate the fouling 
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-1 hollow fiber membrane module.
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index that will be explained in Section 3.7. The pilot system, as shown in Fig. 
3.4, was operated in the dead-end mode at membrane fluxes of 35 and 40 
LMH. The filtration cycle and membrane material were identical to that of the 
lab-scale ZeeWeed-1 unit (Section 3.1.2.1).  
 
Figure 3.4. Picture of the pilot-scale hollow fiber UF membrane filtration setup. 
 
3.2 Feedwater 
Various SEFs were collected from domestic and industrial wastewater 
treatment plants (WWTPs) located in Singapore and Shanghai, respectively. 
The domestic WWTPs received wastewater from municipalities, while the 
industrial WWTPs received wastewater from petrochemical and fine 
chemistry processes. They both employed conventional activated sludge 
process for secondary treatment. Domestic and industrial SEFs were 
sequentially fed to UF membrane systems (Section 3.1.1 and 3.1.2), where 
their fouling behaviours were investigated.  




Meanwhile, makeup SEFs were used as the feedwater for a few lab-scale 
filtration runs in order to control the foulants concentration at pre-determined 
level. Makeup SEFs were prepared according to the following protocol. SEFs 
collected from WWTPs were firstly filtered by a microfiltration membrane 
(Pore size of 0.45 µm, GE Osmonics). The rejected solution was then stocked 
as the particle concentrates, while the permeate was sent to a cation exchange 
resin (Dowex Monosphere 650C UPW(H), DOW) column to remove the 
cations and was further concentrated by a reverse osmosis (RO) membrane 
(SWC 1-4040, Hydranautics & Nitto Denko Pte. Ltd.). Various test solutions 
were made up by mixing the particle concentrates, RO concentrates, and 
CaCl2 solution in different ratio. 
All water samples were fractionalized into solid and dissolved matters, 
mineral and organic contents. The dissolved organic matters were further 
separated into four fractions, namely biopolymers, humics, building blocks 
and neutrals, and were quantified by an LC-OCD (DOC-LABOR Dr. Huber, 
Germany). The analytical methods used to identify and quantify these 
fractions will be illustrated in Section 3.4.  
3.3 Determination and Extraction of Foulants 
Termination of each filtration run is defined when the TMP increased to 60 
kPa, and subsequently, sequential cleaning steps were carried out to 
differentiate and extract the overall, hydraulically reversible, hydraulically 
irreversible and chemically irreversible fouling based on resistance-in-series 
mode (Tiller, 1990). Before each run began, resistance of fresh membrane (Rm) 
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was determined by filtration test using ultrapure water and then calculated 
according to Eq. 3.1. 
  :;·                                                 (3.1) 
where R is the resistance to flow through the membrane.  
When a filtration run was terminated, pure water permeability of the fouled 
membrane was measured and the overall fouling resistance (Rf) was calculated 
according to Eq. 3.1. Then the fouled membrane was flushed by ultrapure 
water until no accumulation of cake was found on the membrane by visual 
inspection, after which hydraulically irreversible resistance (RHIR) was 
measured by running an ultrapure water filtration test using the ultrapure-
water-flushed membrane according to Eq. 3.1. Meanwhile, the solution 
containing hydraulically reversible foulants was collected for the analysis of 
organic and inorganic components described in Section 3.4. 
Subsequently, this membrane was soaked in NaOH solution (0.1 M) for 12 h, 
then in HCl solution (0.1 M) for 12 h to obtain solutions of hydraulically 
irreversible foulants extracted by alkaline and acid solutions. The organic and 
inorganic components in these foulants solutions were identified by using the 
analytic methods described in Section 3.4. The membrane was then removed 
from the above solution and rinsed with ultrapure water; thereafter, the 
chemically irreversible resistance (RCIR) was measured using ultrapure water 
according to Eq. 3.1. 




Finally, the ratios of different types of fouling to total fouling were calculated 
according to Eqs. 3.2 − 3.4. 
<=>?@AB?= CDCEAFC GH@A7I CEAE$?7BC %   KLMNK	      (3.2) 
OPCQAB?= CDCEAFC GH@A7I CEAE$?7BC %   LMNRMNK	         (3.3) 
OPCQAB?= ACDCEAFC GH@A7I CEAE$?7BC %   RMN	K	        (3.4) 
3.4 Analytical Methods  
3.4.1 Particles Analysis 
3.4.1.1 Particle Quantity 
Total suspended solids (TSS) and volatile suspended solids (VSS) were 
measured to quantify the mass of total particles and organic particles in 
samples following the Standard Methods (APHA 20th Edition, 1998).  Each 
sample was filtered by a glass fiber (GF/F, Whatman) and dried in an oven 
(MEMMERT ULM 6, Schmidt Scientific) at 105˚C for 2 h, after which the 
sample was placed in a desiccator for at least 1 h before weighing and igniting 
in a furnace (Thermolyne 48000, Omega Medical Scientific) at 550˚C for 30 
min. Prior to these analyses, the glass fiber used was rinsed by ultrapure water 
and baked in the furnace at 550˚C to remove any impurities. Turbidity was 
measured by a turbidity meter (Hach 2100N) as an indicator of the amount of 
suspended and colloidal particles in a water sample. 
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3.4.1.2 Particle size 
Particle size distribution of water samples was measured by a laser diffraction 
particle analyzer (ZetaPALS, Brookhaven Instruments Corporation) based on 
light scattering technique. 
3.4.2 Organics Analysis  
3.4.2.1 Dissolved organic carbon (DOC) 
DOC quantity was measured by a Total Organic Carbon Analyzer (Model 
1010, O.I. Analytical, Shimadzu TOC VCSH). Water samples were filtered 
through a membrane with pore size of 0.45 µm (Pall, USA) prior to TOC 
analysis. 
3.4.2.2 Molecular weight distribution (MWD)  
Samples were separated into fractions with different molecular weights by 
high performance liquid chromatography (HPLC-SEC, Shimadzu Corp., Japan) 
and measured by the following UV detector. Calibration of HPLC-SEC 
system was done using the chemical of randomly coiled poly styrenesulfonic 
acid sodium salt with MW ranging from 58 to 77,000 Da (Fluka Analytical). 
Details on the instrumentation, mobile phase composition and choosing of 
calibration standards were reported by O'Loughlin et al. (2001). 
3.4.2.3 Excitation emission matrix (EEM)  
Profile obtained from EEM fluorescence spectrometry (LS 55, Perkin Elmer 
Co., USA) could be used to characterize humic-, fulvic-, protein- and 




microbial byproduct-like compounds. The emission spectra between the 
wavelength of 230 and 550 nm were collected at 0.5-nm increment by varying 
the excitation wavelength from 230 to 550 nm at 5-nm intervals. Excitation 
and emission slits were set at 10 nm with a scanning speed of 1000 nm/min.  
Chen et al. (2003) divided EEM spectra into five regions related to five types 
of organics. In general, Region I and II with shorter excitation wavelengths (< 
250 nm) and shorter emission wavelengths (< 350 nm) are related to simple 
aromatic proteins. Region III with shorter excitation wavelengths (< 250 nm) 
and longer emission wavelengths (> 350 nm) is related to fulvic acid-like 
materials. Region IV with intermediate excitation wavelengths (250 − 280 nm) 
and shorter emission wavelengths (< 380 nm) is related to soluble microbial 
byproduct-like material. Region V with longer excitation wavelengths (> 280 
nm) and longer emission wavelengths (> 380 nm) is related to humic-acid like 
organic. 
3.4.2.4 LC-OCD  
LC-OCD (DOC-LABOR Dr. Huber, Germany) was used to fractionize and 
quantify dissolved organic matters. According to different MW and physic-
chemical characteristics of organic fractions, size exclusion column firstly 
separated the organic matters into four fractions, namely biopolymer, humic 
substance, building blocks, and low molecular weight neutrals. These fractions 
were subsequently analyzed by online dissolved organic carbon, dissolved 
organic nitrogen and UV254 detectors, and the detected peak areas were 
converted into concentrations in mg C/L, mg N/L and m-1, respectively. 
Moreover, inorganic colloids could be determined in UV-Chromatograms 
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based on Rayleigh-effect occurred when UV light scattered. The detected 
inorganic colloids here included negatively charged inorganic poly electrolytes, 
poly hydroxides and oxide hydrates of Fe, Al or Si. 
3.4.3 Ion Analysis 
Ion concentrations of water samples were measured by ion chromatography 
(Dionex LC20 Chromatography, Dionex Corporation). The tested ions 
included cations, namely Ca2+, Mg2+, Na+ and K+,  as well as anions , namely 
PO43-, SO42-, NO3-, NO2- and Cl-. 
3.4.4 Bacterial Analysis 
Heterotrophic plate count (HPC) was measured to determine the total number 
of bacteria in SEFs and disinfected SEFs following the Standard Methods for 
the Examination of Water and Wastewater (APHA 20th Edition, 1998). R2A 
agar spread plates were prepared for every sample at various dilution factors. 
All the plates were incubated at 30oC for 48 h before bacterial growth was 
counted with a Model Stuart SC6 Colony Counter (Keison Products, UK). 
3.5 Membrane Morphology Analysis  
3.5.1 Scanning Electron Microscopy (SEM) 
Specimens of virgin and fouled membranes were completely dried in a freeze 
dryer (CHRIST ALPHA 1-2 LD, Germany). These dry specimens were then 
mounted on a carbon coated aluminium stub and coated with gold by a sputter 
(JFC-1300, JEOL Ltd., Japan). Subsequently, a SEM (JEOL, JSM 5600LV) 




was used to analyze the surface morphology of the specimens at 10 kV 
accelerating voltage.    
3.5.2 Scanning Electron Microscopy-Energy dispersive X-ray 
spectrometer (SEM-EDS) 
Specimens of dry virgin and fouled membranes were firstly coated with 
platinum for 30 s using an ion sputter (JFC-1300, JEOL Ltd., Japan) to 
minimize the electron-charging effects on the membrane surfaces. The 
specimens were then scanned by a SEM-EDS (JSM-5600LV, JEOL Ltd., 
Japan) to indentify the characteristics of the inorganic foulants on the 
membrane surfaces. The SEM-EDS could determine the elementary 
composition of the sample by measuring the X-rays emitted from the sample 
bombarded by the electron beam.   
3.5.3 Atomic Force Microscopy (AFM) 
An AFM was used to measure the membrane surface roughness. Dry 
membrane samples were subjected to AFM analysis (Veeco, USA). The AFM 
scanned the membrane surface with a very fine tip and generated three-
dimensional maps by detecting deflection of a laser beam reflected by 
cantilever. 
3.5.4 Confocal Laser Scanning Microscopy (CLSM) 
A CLSM (LSM 5 Pascal, Carl Zeiss, Germany) was used to capture three-
dimensional images of virgin and fouled membrane. Foulants, namely proteins 
and polysaccharides, were stained with a fluorescent signal in order to be 
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detected. Sypro Orange (Molecular Probes, Invitrogen) was used as the stain 
targeting proteins, and concanavaline A-ALEXA 647 (Molecular Probes, 
Invitrogen) was used as the stain targeting polysaccharides. 
3.5.5 Contact Angle   
Contact angles of virgin and fouled membrane were measured to understand 
the hydrophobicity of the membrane surface. The membrane specimens were 
firstly dried and then measured by a surface contact angle machine (VCA 
Optima, AST Products Inc.) according to the method of sessile drop.  
3.6 Fouling Assessment for Hollow Fiber Membrane System 
In this study, the unified membrane fouling index (UFI) were utilized to assess 
the membrane fouling performance and distinguish between reversible and 
irreversible fouling of hollow fiber membrane system with multiple filtration 
cycles. The UFIs were quantified using a resistance-in-series approach as 
shown in Eq. 3.1. R is the sum of fresh membrane resistance (Rmem), 
hydraulically reversible foulants resistance (RHR), hydraulically irreversible 
foulants resistance (RHI), and chemically irreversible foulants resistance (RCI). 
Then Eq. 3.1 can be written as follows. 
S





RM                             (3.5) 
If the foulants resistances increase linearly with the permeate volume, then R 
= kV. Herein, k is the rate constant for the increase in resistance, and V is 
specific volume ( UV!UWXU YZ+[!U;U!*VW-U WVUW ). Furthermore, Eq. 3.5 can be re-written to 
Eq. 3.6. 










3RM\                              (3.6) 
For a new membrane, V = 0, so  S:;5    

	T	. Dividing by this initial term 
of   S:;5 , 
S
:; at any specific volume can be expressed by Eq. 3.7. 
S/:;^




	T	 ab                         (3.7) 
Based on Eq. 3.7, TMP data of a membrane system with a constant flux could 
be used to develop a series of fouling-assessing indices, including total fouling 
index (TFI), hydraulically reversible fouling index (HRFI), hydraulically 
irreversible fouling index (HIFI) and chemically irreversible fouling index 
(CIFI) (Huang et al., 2008).  
For system with multiple hydraulic backwash cycles, TFI of each individual 
filtration cycle is calculated by relating V and J/TMP within the filtration cycle 
as described in Eq. 3.8. 
S/:;^
S/:;_  1 ' cdeb                                       (3.8) 
In this study, TFI values for each filtration cycle increased rapidly with 
specific volume and varied significantly. In this case, TFI value for each 
filtration run was determined as the TFI value at the 600 L/m2 permeate 
throughput for comparison purpose, which were used in previous studies 
(Huang et al., 2009; Nguyen et al., 2011). 
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HIFI for one filtration run can be calculated by linearly correlating V and the 
initial J/TMP value of each filtration cycle after backwash as described in Eq. 
3.9. 
S/:;f^
S/:;_  1 ' <edeb                                  (3.9) 
In this study, HIFI was determined by linearly regressing of all performance 
data because  S/:;f^S/:;_   increased with V linearly (Nguyen et al. 2011). 
CIFI of one filtration run is determined by relating V and the initial J/TMP 
value of a new filtration cycle after chemical cleaning as shown in Eq. 3.10. 
S/:;f^
S/:;_  1 ' Oedeb                                (3.10) 
In this study, CIFI was calculated by using two-point method because only 
one chemical cleaning was performed during each filtration run.  
Lastly, HRFI could be calculated according to <de  cde 8 <ede 8 Oede. 
Figure 3.5 presents a schematic illustration on determination of these fouling 
indices based on the TMP data and specific volume.  





Figure 3.5. Schematic illustration of fouling indices determination (Nguyen et al., 2011). 
 
3.7 Fouling Index Test 
In Chapter 6, the fouling index (FI) test was conducted to measure SEFs 
fouling propensity and the obtained FI was correlated to UF fouling behaviour. 
The FI method was developed based on the MFI method (Shippers et al., 
1980). Water sample was fed to a 0.45 µm pore-sized membrane filter with a 
diameter of 47 mm (GE Osmonics) at a constant pressure of 40 psi. Permeate 
was collected and weighted over the test. Based on the cake filtration theory, a 
curve of  gh+XVWXhZ- Xh!UUV!UWXU YZ+[!U  as a function of %CQC?$C DH@QC was plotted and 






2ΔPA/  V 
with FI  tu/vwx,   e  αW                                  (3.11) 
where  V − permeate volume produced (m3),           
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A − membrane area (m2), 
           ∆P − trans-membrane pressure (Pa),  
Rm − membrane filter resistance (m-1), 
          Rc − cake resistance (m-1),                            
η − dynamic viscosity of the water (N s m-2), 
          I − cake resistivity (m-2),                                
α − specific cake resistance (m/kg), 
        W − concentration of particles (kg/m3). 
For compressible cake layer, α changes with pressure as follows (Almy et al., 
1912): 
{  {|∆}~                                                  (3.12) 
where ω is the compressibility factor of cake layer, α0 is a constant. For 
incompressible cakes, ω is zero and α is a constant. The larger the ω, the more 
compressible the cake layer is. 
3.8 Statistical Analysis 
3.8.1 “Reverse” DOE 
One common approach used in the empirical study of complex processes is 
statistical design of experiments, or DOE (Box et al, 2005). Essentially, the 
cause-and-effect linkage between a set of input parameters and a set of output 
variables is studied via the analysis of the output values in response to the 
predetermined changes in the input data.  As not all systems lend themselves 
to predetermined input parameter values, an equivalent analysis can be made 
of data that are already available but could match the input pattern that would 




have been required by a conscious DOE. This approach, referred to “reverse” 
DOE (Loy et al, 2002), has proven useful in situations where data are 
collected instead of purposefully generated; as long as changes in the available 
data correspond to the pattern of what would have been needed in a 
conventional DOE, the methods of statistical analysis and interpretation are 
exactly the same. In Chapter 5, the available data were therefore rearranged in 
a manner that the DOE method of analysis can be applied to establish essential 
input-output linkages between each of the two groups of “input” parameters 
and the three dependent variables TFI600, HIRI, and CIFI. 
3.8.2 Multi-level Factorial Analysis 
A multi-level factorial analysis was used to select the most important 
parameters among a set of water quality parameters for the FI in Chapter 6. 
This method has been used to analyze the impact of multi-level factors on 
response by Ng et al. (2010). In this study, the data matrix for analysis was 
built by the data sets of independent water quality parameters and their 
corresponding FI values. The effect of each parameter was calculated 
according to Eq. 3.13. 
GGCB$  -/ · ∑ 1 8
/2	2f
2	2	f deh
h4-h4                         (3.13) 
where n is the number of all data sets, xmax is the maximum value of the 
parameter among all data sets, xmin is the minimum value of the parameter 
among all data sets, xi is the value of the parameter for data set i, and FIi is the 
value of the FI for data set i. 
  
Chapter 4  
IDENTIFICATION OF MAJOR FOULANTS IN FLAT 
SHEET UF SYSTEM 
Specific objectives of this chapter are to identify major fouling-relevant 
constituents in SEFs and investigate fouling mechanisms associated with these 
major foulants. Filtration runs fed by various domestic and industrial SEFs 
were conducted using flat sheet UF system. Removal performance of this UF 
system was firstly studied regarding removal of particles and organics. 
Fouling behaviour over the filtration run was then investigated in the aspects 
of TMP development and mass accumulation. At the end of each filtration run, 
the foulants were desorbed and extracted from the fouled membranes for 
qualification analyses. In addition, the effect of water quality parameters on 
fouling development was studied and the most influencing parameters were 
identified. Lastly, membrane autopsy was also conducted to compare the 
surface and inner structure of fresh and fouled membrane. Based on these 
results, the fundamental physical-chemical processes underlying fouling 
phenomenon were proposed.  
4.1 Mass Removal by Flat Sheet UF Membrane 
4.1.1 Particles Removal 
The average water quality of various SEFs and membrane permeates are 
tabulated in Table 4.1. It is found that UF membrane could remove up to 88% 
of turbidity for domestic and industrial SEFs. In line with literature, high 
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removal of particles has also been widely reported by previous studies (Laabs 
et al., 2006; Zheng et al., 2009).  
Table 4.1. The removal performance of flat sheet UF system. 
Note:  “N.A” means that data are not available. 
Furthermore, particle size distribution (PSD) of SEFs and membrane 
permeates were analyzed and shown in Fig. 4.1. Two main peaks were found 
in the SEFs PSD −  0.1/0.8 µm for domestic SEF and 0.3/2.8 µm for industrial 
SEF. For domestic UF permeate, the peak at 0.8 µm was diminished and the 
peak at 0.1 µm remained with similar volume percentage. For industrial SEFs, 
the peak at 2.8 µm disappeared and the peak at 0.3 µm remained but with a 
lower volume percentage. These results reveal that particles with size larger 
than 0.3 µm were mostly rejected by the UF membrane, which could be 
explained by size exclusion. The UF membrane with pore size of 0.03 µm is 
supposed to reject all the substances with size larger than membrane pore size. 
However, about 10% of industrial SEFs components with size larger than 0.03 







pH  7.4 ± 0.5 7.7 ± 0.3 7.9 ± 0.5 8.2 ± 0.5 
Turbidity NTU 2.5 ± 1.9 0.3 ± 0.1 11.8 ± 9.8 0.6 ± 0.2 
DOC mg/L 7.3 ± 1.7 6.2 ± 1.7 31.2 ± 4.9 28.7 ± 2.2 
Na+ mg/L 68 ± 16.8 68 ± 18.0 2196 ± 815.8 2098 ± 718.4 
Mg2+ mg/L 1.4 ± 0.3 1.4 ± 0.4 14 ± 3.5 14 ± 2.2 
Ca2+ mg/L 21 ± 12.2 18 ± 6.2 39 ± 2.7 37 ± 2.6 
Cl- mg/L 84 ± 24.7 82 ± 30.7 3262 ± 914.7 3013 ± 815.8 
CO32- mg/L N.A. N.A. 73 ± 46.7 100 ± 60.2 
HCO3- mg/L N.A. N.A. 879 ± 224.5 767 ± 148.3 
NO3- mg/L 24 ± 19.7 23 ± 20.7 13 ± 10.5 13 ± 6.8 
SO42- mg/L 56 ± 8.8 53 ± 13.9 1247 ± 160.8 1488 ± 150.5 
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µm still passed through the UF membrane, which might be caused by the 
imperfection of the membrane.    
 
                   Figure 4.1. Particle size distributions of SEFs and membrane permeates.  
 
4.1.2 Dissolved Organics Removal 
The removal efficiencies of DOC were found to be about 15 and 8% for 
domestic and industrial SEFs, respectively, as listed in Table 4.1. DOC 
rejections by the UF membrane were lower compared with particles. The 
results are in good agreement with Kim et al. (2008), indicating that low DOC 
removal (10 – 15%) by the UF membrane. Furthermore, detailed organic 
profile of SEFs and membrane permeates were analyzed and compared in 
terms of molecular weight distributions, LC-OCD and EEM results and the 
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4.1.2.1 Molecular Weight Distribution (MWD) 
Fig. 4.2 illustrates HPLC chromatograms of dissolved organic matters in SEFs 
and membrane permeates, which displays a broad and multimodal distribution 
with several sub-peaks. Compared to domestic SEF, the peak of its membrane 
permeate at 300 kDa was diminished, and the intensities of significant peak at 
4 and 1 kDa were slightly reduced. Additionally, after filtered by UF 
membrane, the main peak of industrial SEF at around 50 kDa drastically 
decreased; intensities of peak at 1.8 and 0.18 kDa with low intensity slightly 
decreased; and peak at 0.085 kDa disappeared. These observations indicate 
that organic matters with large MW (> around 50 kDa) were completely 
rejected and the organic matters with MW ranging from 0.18 to 4 kDa could 
be partially rejected by the UF membrane. However, it is interesting to 
observe the organic matter with smaller MW (0.085 kDa) were largely 
rejected by the UF membrane. The rejection of organic matters with MW of 
larger than 50 kDa could be explained by size exclusion because the nominal 
pore size of the UF membrane (70 kDa) was with the same magnitude of these 
organics size. The rejection of the smaller MW (< 4 kDa) by the UF might be 
because that they can readily enter the membrane pore and adhere to 
membrane by adsorption (Aoustin et al., 2001; Costa et al., 2006), or they 
were captured by cake layer formed on the membrane surface (Jacquemet et 
al., 2005; Jarusutthirak et al., 2006). Therefore, the rejected components with 
large (50 − 300 kDa) and smaller MW (< 4 kDa) might be the potential 
foulants that have an adverse impact on membrane fouling. 
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Furthermore, the size of these components could be calculated according to a 
relationship between MW and size distribution used in Lentsch et al. (1993) as 
Eq. 4.1.   
>  0.095.                                      (4.1) 
It is found that the estimated size of the potential components with MW of 50 
− 300 and < 4 kDa were 10 − 25 and 4 nm, respectively. Similarly, Labbs et al. 
(2006) reported that the components in the size range of 10 to 100 nm could 
be rejected by UF membrane with MWCO of 100 kDa and they led to 
membrane fouling via surface coverage. Howe et al. (2002) observed that 65 − 
75% membrane fouling on UF/MF was caused by components with size of 3 − 
14 nm, which were smaller than the membrane nominal pore size, provided 
with explanation of their adsorption onto membrane.  
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4.1.2.2 LC-OCD Results 
The results of LC-OCD for domestic and industrial SEFs and UF permeate are 
illustrated in Fig. 4.3.  It was observed that each organic fraction accounted 
similar portion (~20%) of overall organics in domestic SEFs. As for industrial 
SEFs, HOC and low molecular neutrals accounted for 56% of total organics, 
while biopolymers only accounted for 9% of total organics. Moreover, water 
quality of industrial SEFs was more fluctuated than domestic SEFs.  
The removal of biopolymers by the UF membrane was found to be the highest 
among all the fractions, which achieved approximately 54.5 and 38.5% for 
industrial and domestic SEFs, respectively. Such high removal of biopolymers 
has been reported in previous studies (Laabs et al., 2006; Zheng et al., 2010). 
The biopolymers are found as a group of hydrophilic polysaccharides- and 
proteins-like substances with high MW ranging from 10 − 2,000 kDa as well 
as with low UV adsorption, low aromaticity and high aliphaticity (Her et al., 
2003; Huber et al., 2011). This was partially proven by our previous findings 
on MWD in Fig 4.2 that exhibited significant peaks at 300 kDa and 10 − 100 
kDa for domestic and industrial SEFs, respectively. The reasons for the 
biopolymers removal might be attributed to the following mechanisms. Firstly, 
size exclusion was the major removal mechanism (Zheng et al., 2009). The 
membrane (GE Osmonics) used in this study had a pore size of 70 kDa and it was 
similar and/or smaller than the size of the biopolymers. Additionally, the high 
aliphaticity of biopolymers suggests their longitudinal rather than spherical 
shape (Huber et al., 2011). Thus, the higher MW and longitudinal shape of 
biopolymers would favor their retaining on the membrane surface. Secondly, the 
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removal of biopolymers could also be affected by the interaction between 
biopolymers and membranes (Pontie et al., 1998; Susanto and Ulbricht, 2006). 
However, this interaction is supposed to be weak because the hydrophilic 
biopolymers were not likely to substantially adsorb onto the hydrophobic PES 
membrane which were generally governed by hydrophobic interactions.  
Hydrophobic organic carbon (HOC) removal achieved 7.5 and 20% for 
domestic and industrial SEFs, respectively. Significant removal of 
hydrophobic organics has also been reported by previous studies (Costa et al., 
2006; Li et al., 2006; Lin et al., 2008). Due to their characteristics of low MW 
and high hydrophobicity, HOC removal could be explained by the 
hydrophobic interaction between HOC and membrane surface or HOC and 
fouling layer.  
Remaining organic fractions of smaller MW, including humics, building 
blocks and LMW neutrals, were observed to be marginally removed by UF, 
with average removal efficiency of 10%. The result is in good agreement with 
the studies by  Jerman et al. (2007) and Haberkamp et al. (2008) who reported 
that the humics removal was approximately 10%. The rejections of these 
components were not likely to be caused by size exclusion because MWs of 
these components (smaller than 1 kDa) were far smaller than the nominal pore 
size of membrane (70 kDa). Thus, it might be attributed to the adsorption of 
these compounds to the membrane and mainly correlated to hydrophobic 
functional groups of these compounds (particularly humic acid) (Clark et al., 
1998; Jones et al., 2000; Aoustin et al., 2001). In addition, these compounds 
could be removed by the fouling layer, which means that formed denser 
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fouling layer on the membrane surface could act as a secondary membrane to 
reduce the permeation of small organics (Jacquemet et al., 2005; Jarusutthirak 
et al., 2006). However, a significant removal of humics by a cellulose UF 
membrane with pore size of 10 kDa was observed to be 80% by Aoustin et al. 
(2001). Such discrepancy in humics removal efficiency might be caused by 
specific hydrophobic interaction between humic acid and the membrane, 
which greatly influenced by the membrane pore size and material.  
 
Figure 4.3. Dissolved organic fractions in SEFs and their UF permeates. 
 
4.1.2.3 EEM Results 
The EEM images of domestic/industrial SEFs and their UF permeates were 
obtained and shown in Fig. 4.4. The shapes of EEM profile for domestic and 
industrial SEFs were largely dissimilar which imply that the organic 
Industrial SEFs Industrial Permeate Domestic SEFs
Domestic 
Permeate
HOC 5.75 4.61 1.50 1.39
Biopolymers 1.95 0.89 0.91 0.56
Humic substances 3.26 3.52 1.88 1.87
Building blocks 3.35 2.15 1.18 1.1
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compositions in these two SEFs were of different nature. The type of organics 
was identified by using the five-region method proposed by Chen et al. (2003) 
as described in Chapter 3.4.2. It is found that main peaks for domestic and 
industrial SEFs were displayed at Ex/Em = 250/390 nm and 245/425 nm in 
Region III, which represent the fulvic-like substances. Additional peaks at 
Ex/Em = 285/390 nm and 340/425 nm in Region V were also observed for 
industrial SEFs, which suggested the presence of humic-like organics. These 
peaks indicating fulvic and humic-like substances were also reported in the 
EEM profiled for domestic SEFs by Her et al. (2007) and MBR permeate by 
Ng et al. (2010).  
The peaks that located in Region I, II and IV, indicating protein-like 
substances displayed lower intensity compared with the peaks in Region III 
and V. It could be explained that protein-like substances might be largely 
removed by activated sludge process in the wastewater treatment plant. On the 
other hand, the lack of protein-like substances peaks might be due to the over-
domination by fulvic and humic-like substances peaks (Ng and Ng, 2010).  
Figure 4.4 shows intensity of the main peaks associated with fulvic and 
humic-acid substances slightly decreased when filtered by UF. These 
observations are consistent with the LC-OCD results which also demonstrated 
that humic substances and their breakdown products (building blocks) could 
be partially retained by the UF membrane.  
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Figure 4.4. EEM images of domestic and industrial SEFs and their UF permeates from flat 
sheet UF system. 
4.1.3 Ions Removal 
Similar concentrations of ions were found in SEFs and membrane permeates 
and the results can be found in Table 4.1. The Na+, Mg2+ and Cl- concentration 
before and after the UF filtration were almost identical. The concentration of 
Ca2+ decreased slightly after the UF filtration and this could be attributed to 
the formation of calcium and organic complexation and deposition of the 
complexation on the membrane surface (Aoustin et al., 2001; Herzberg et al., 
2009; Jermann et al., 2007). Thus, these observations indicated that UF 
membrane could not significantly remove these ions.  
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Besides, it is also observed that the concentration of CO32- in industrial SEFs 
increased while the concentration of HCO3- decreased after the UF. It could be 
explained by the impact of pH variation on the speciation distribution of CO32-
/HCO3- pair. The pH was found to increase from 7.9 to 8.2 after the UF which 
could be explained by the adsorption of positively charged components 
(organic acids) to the negatively charged membrane surface, whose zeta 
potential was -13.5 mV (Table 3.1). This assumption is supported by our 
previous results of LC-OCD which illustrated the partial removal of LMW 
organics was achieved by the UF. Previous studies have also reported that the 
speciation and rejection of molecules by membrane were influenced by the 
solution pH (Xu et al., 2005; Radjenovic et al., 2008). For example, when the 
solution pH is above the isoelectric point of the membrane, the membrane is 
negatively charged and it might increase the rejection of negatively charged 
solutes due to their electrostatic repulsion with membrane surface. 
In short, particles with size larger than 0.3 µm and dissolved organics with 
MW of 50 − 300 kDa could be largely rejected by the UF membrane. The 
biopolymers were mostly removed by about 46% due to size exclusion; while 
HOC, humics, building blocks and LMW neutrals were partially removed via 
either their interaction with membrane or trapping by cake layer. The EEM 
results confirmed the removal of fulvic and humic-like substances by the UF 
membrane. UF membrane had little capability in removing ions, but changed 
the ionic distribution due to pH variation between feed and permeate. In the 
following section, contributions of these components to membrane fouling 
development will be investigated and discussed. 
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4.2 Fouling Development with Filtration Time 
As discussed in Section 2.5.2, the pattern of TMP development with operating 
time could indicate the fouling mechanism according to the blocking laws 
proposed by Hermia (1982). Additionally, due to fouling development, the 
mass transmission through the membrane is changing over the membrane 
filtration and this variation may shed some lights on the fouling mechanism 
(Jermann et al., 2007). Meanwhile, mass accumulation in the bulk solution 
could influence the fouling development to some extent (Meng et al., 2009). 
Thus, the fouling development was studied in terms of TMP development, 
mass transmission and mass accumulation over the membrane filtration run. 
4.2.1 TMP Development with Membrane Filtration Operating Time 
Figure 4.5 illustrates the continual rise of TMP as function of operating time in 
UF systems filtrating domestic and industrial SEFs. TMP was observed to 
increase slowly during the initial 2 − 3 h and then rapidly increased linearly 
with operating time. Such stage-wise TMP development has been proposed 
according to the revised Hermia Model (Huang et al., 2008). Moreover, the 
continual rise of TMP caused by industrial SEF was more rapid than that by 
domestic SEF. The average overall TMP rise rate of industrial and domestic 
SEF were 7.9 and 0.9 kPa/h, respectively.  




Figure 4.5. TMP development with time for domestic and industrial SEFs. 
 
Based on Hermia model, TMP data was re-calculated and shown in Fig. 4.6. It 
is found that the first and second stage of TMP evolution fitted the fouling 
mechanism of intermediate pore blocking and cake formation, respectively. 
The average R2 value for these regression curves of TMP versus operating 
time was as high as 0.95. It could indicate that the shift of fouling mechanisms 
from intermediate pore blocking to cake layer formation had occurred. In line 
with previous studies (Zhang et al, 2006; Kim et al., 2008; Kim et al., 2009), it 
is generally agreed that stage-wise fouling mechanism includes initial pore 
blocking and subsequent cake layer formation. The short duration for the first 
stage and long duration for the second stage in this study revealed that cake 
filtration was the dominant process and contributed to crucial membrane 
fouling, while pore blocking process might be expedited under the examined 

















Domestic SEFs Sep 23 2011
Industrial SEFs Oct 25 2010
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Figure 4.6. Step-wise TMP development (a) Domestic SEF; and (b) Industrial SEF. 
4.2.2 Mass Transmission with Membrane Filtration Operating Time 
The mass transmission over the membrane filtration run was investigated in 
the domestic SEFs system. The UF permeates were collected and analyzed at 
0, 2, 5, 9 and 12 h throughout the filtration run. It was found that pH, turbidity, 
TOC and TN of UF permeate were stable with membrane filtration operating 
time (data is not shown here); however, the concentrations of organic fractions 
varied as shown in Fig. 4.7. Biopolymers concentrations in the membrane 
permeate decreased with operating time in which suggesting that the 
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permeability of biopolymers was declining with time. Similarly, a decreasing 
concentration of alginate in membrane permeate with operating time was also 
observed by Jermann et al., (2007).  Such phenomenon could be explained by 
the development of a tighter cake layer with operating time, and consequently, 
less permeability of biopolymers. The cake layer was initially formed by the 
deposition of particles and biopolymers, and then grew denser via exerting 
larger permeate drag force on it since TMP increased with filtration time 
(Meng et al., 2007). The thicker and denser cake layer would act as a “second 
membrane” to reject extra biopolymers. Besides, the increasing removal of 
biopolymers could also be attributed to the narrowing membrane effective 
pore size over the operation time, leading to retaining additional biopolymers 
within the membrane structure (Howe et al., 2002).  
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It is interesting to note that humics concentration initially decreased but 
subsequently increased throughout the filtration run. According to previous 
discussion in Section 4.1.2, the rejection of humics might be due to adsorption 
onto the membrane or retention by the cake layer. Assuming the retaining cake 
layer was the predominant reason to this phenomenon, the humics 
concentration would kept decreasing during the whole operating time, which 
is identical to the situation of biopolymers. Nevertheless, the time-dependent 
retention of humic substances was observed; therefore, retaining by cake layer 
should not be the main mechanism for the humics rejection and adsorption 
onto the membrane might be the major mechanism. The adsorption of humics 
onto the membrane could be explained by hydrophobic interaction (Jones et al., 
2000; Jermann et al., 2007) and electrostatic force between amphiprotic humic 
substances and the negative charged PES membrane (Aoustin et al., 2001). 
The initial decrease of humics concentration might be attributed to their 
adsorption onto the membrane surface and membrane pore walls of the clean 
membrane; and when their adsorption capacity of the membrane was saturated, 
the humics started to desorb from membrane. Despite the initial adsorption 
phase, the membrane pores remained wide enough to enable the passage of 
humic molecules that led to the increase of humics concentration in the latter 
phase of filtration run (Haberkamp et al., 2008).  
4.2.3 Mass Accumulation in the Retentate 
Characteristics of feed and bulk solution at the end of the filtration run were 
analyzed and shown in Table 4.2. The concentration factor for each 
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component is defined as a ratio of its concentration in the bulk solution to that 
in feed. It is found that turbidity and biopolymers concentration in the bulk 
solution were 5.7 and 5.4 times of their concentration in the feed, respectively. 
Inorganic colloids were also observed to largely accumulate in the bulk 
solution with a concentration factor of 2.1. In contrast, small molecular 
organics including humics, building blocks and LMW neutrals were hardly 
found to accumulate in the reactor by the evidence of low concentration 
factors. These results were consistent with the previous findings that particles 
and biopolymers were significantly rejected by UF membrane while small 
molecular organics could easily pass through the membrane.  
Furthermore, the remarkable accumulation of particles, biopolymers and 
inorganic colloids in the bulk solution during the membrane filtration process 
could result in the rise of TMP via concentration polarization (Meng et al., 
2009). The concentration polarization was caused by the accumulation of 
foulants in the vicinity of membrane surface and then the formation of a 
concentrated polarized layer (Chen et al., 1997). Concentration polarization 
became more significant when difference between the foulant concentration 
near the membrane surface and in the bulk solution decreased, and then it 
hindered the back-transportation of these foulants into the bulk solution, 
leading to more severe decrease of the membrane flux (Mulder et al., 1996; 
Bae et al., 2005). The strategies of mitigating concentration polarization have 
been proposed, including operating membrane system below critical flux, 
gradually increasing flux in startup period, optimizing the hydrodynamic 
condition and periodical discharge of the bulk solution (Reihanian et al., 1983; 
Belfort et al., 1994).  
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Table 4.2. Characteristics of feed and retentate for UF filtration. 
4.3 Foulants Analysis  
At the termination of filtration run, foulants were desorbed and analyzed 
according to the method described in Section 3.3 to determine the composition 
of the foulants. The information of quantification and qualification of the 
foulants will be presented in this section. 
4.3.1 Quantification of Hydraulically/Chemically Reversible/Irreversible 
Foulants 
Figure 4.8 presents the distribution of various fouling types in fouled flat sheet 
UF module. It is observed that hydraulically reversible, chemically reversible 
and chemically irreversible fouling accounted for 88 − 91%, 8 − 10 % and 1 − 
2% of total fouling, respectively. These results suggest that the majority of 
foulants could be hydraulically removed and the remaining foulants could be 
mostly removed by chemically cleaning. This was in agreement with previous 
studies (Guo et al., 2009; Zheng et al., 2010). In contrast, Costa et al. (2006) 
reported that membrane flux recovery by flashing with ultrapure water was 
found as low as 20% when membrane operating pressure was 36 bar. The 




Turbidity (NTU) 1.8 ± 0.2 10.4 ± 0.6 5.7 
Biopolymers (mg/L) 1.32 ± 0.2 7.11 ± 0.8 5.4 
Inorganic colloids SAC (m-1) 0.19 ± 0.08 0.4 ± 0.1 2.1 
Humic substances (mg/L) 1.29 ± 0.4 2.25 ± 0.5 1.7 
HOC (mg/L) 2.03 ± 0.5 2.42 ± 0.6 1.2 
LMW neutrals (mg/L) 2.23 ± 0.6 2.38 ± 0.7 1.1 
Building blocks (mg/L) 1.94 ± 0.7 1.98 ± 0.8 1.0 
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reason for discrepancy in fouling reversibility might lie in the different 
membrane operating pressure. A higher operating pressure could lead to a 
more compact and tighter cake layer and therefore poor physical cleaning 
efficiency (Kim et al., 2001). However, high operating pressure is not 
commonly applied in full-scale UF process for SEFs. Under the conditions 
applied in this study, the majority of the foulants could be removed by 
hydraulic cleaning.  
 
 
Figure 4.8. Distribution of fouling resistance in fouled flat-sheet UF module. 
4.3.2 Identification of Hydraulically Reversible and Irreversible Foulants  
Hydraulically reversible and irreversible foulants were analyzed in terms of 
particle size distribution, organic and inorganic constituents.   
4.3.2.1 Hydraulically Reversible Foulants 
Particles 
Figure 4.9 shows the PSD of the domestic SEFs (feed) and hydraulically 
reversible foulants extracted from UF membrane fouled by domestic SEFs. 
 
Domestic SEFs system Industrial SEFs system 
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The main peak of hydraulically reversible foulants PSD displayed at a larger 
diameter with higher intensity when compared to domestic SEFs. It indicates 
that the particles brought by the feed inter-linked and associated each other 
probably due to the formation of organics-coated particles and they acted as 
the core of the fouling layer on the membrane surface (Jermann et al., 2008). 
The inter-linked fouling layer was less reversible and it could cause more 
severe fouling than those individual particles (Chen et al., 1997).  
 
Figure 4.9. Particle size distributions of domestic feed and hydraulically reversible foulants. 
 
Table 4.3 presents the hydraulically reversible foulants characteristics. It is 
firstly found that VSS/SS of domestic and industrial SEFs foulants were 0.65 
and 0.28, respectively, which indicates that both organic and inorganic 
particles were responsible for hydraulically reversible fouling and the ratio of 
organic versus inorganic components varies for different feedwater sources. 
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influent (Howe et al., 2002; Bae et al., 2005), while inorganic particles might 
be the polyhydroxides or oxidhydrates of Si, Al and Fe (Yamamura et al., 
2007; Chon et al., 2012). 
Organic constituents  
The characteristics of the organics found in the ultrapure water used to rinse 
the fouled membrane are shown in Table 4.3. It can be seen that biopolymers 
constituted substantially to the hydraulically reversible foulants especially in 
domestic SEFs system. Similarly, Jacquemet et al. (2005) and Zheng et al. 
(2009) observed the substantial existence of biopolymers in the hydraulically 
reversible foulants contained within water and treated domestic wastewater, 
respectively. It proved that biopolymers played an important role in 
hydraulically reversible foulants mainly due to size screening and probably 
their interaction on each other as well as particles via hydrogen bonds and Van 
der Waal force (Susanto et al., 2006;).  
Table 4.3 also shows the existence of HOC, building blocks and LMW 
neutrals in hydraulically reversible foulants in the SEFs system. As discussed 
in Section 4.1.2, small molecular weight components were not theoretical to 
be removed by membrane due to size exclusion. Thus, the present of these 
components might be explained by their adsorption to the particles due to 
strong hydrophobic interaction, hydrogen bound or electrostatic force 
(Jermann et al., 2008).  
Lastly, there are little humics found in the hydraulic reversible foulants, which 
indicates that humics contributed insignificantly to the cake layer.  The humics 
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were neither being rejected by the membrane due to their small size 
(Haberkamp et al., 2008), nor being retained by fouling layer due to the 
electrostatic repulsion between their negatively charged functional groups and 
fouling layer (Jermann et al., 2007). 
Inorganic constituents  
Table 4.3 reveals that calcium, magnesium and SiO2 existed in hydraulically 
reversible foulants desorbable in ultrapure water. The amount of calcium was 
found to be greater than magnesium, which indicates that the calcium was 
more responsible for the hydraulically reversible foulants. Moreover, high 
SiO2 concentration signified that silicon had substantial contributions to 
hydraulically reversible fouling. 
Table 4.3. Characteristics of hydraulically reversible foulants. 
N.D.: Not detectable 
The inorganic constituents of the fouled and fresh membrane were further 
analyzed by EDS and the result is shown in Fig. 4.10. It is observed that the 
Hydraulically reversible foulants Domestic SEFs 
Industrial 
SEFs 
Particles SS mg/m2 1154 ± 253 2717 ± 417 
VSS mg/m2 749 ± 57 761 ± 87 
Dissolved organic 
matters 
HOC mg/m2 6 ± 1 36 ± 5 
Biopolymers mg/m2 134 ± 28 39 ± 8 
Humics mg/m2 N.D. N.D. 
Building 
blocks 
mg/m2 34 ± 8 22 ± 5 
LMW neutrals mg/m2 15 ± 5 176 ± 18 
Inorganic matters SiO2 mg/m
2
 28 ± 5 36 ± 5 
Ca2+ mg/m2 11 ± 1 70 ± 2 
Mg2+ mg/m2 N.D. 41 ± 2 
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EDS spectra of the fresh UF membrane had only strong C, O and S peaks, 
which were associated with membrane composite materials. Besides such 
peaks, the high peaks of Al, Si and P, as well as minor peaks of Ca and Fe 
were also found in the EDS spectra of the fouled UF membrane.  
 
Figure 4.10. EDS spectra of the virgin and fouled UF membranes in domestic system. 
 
Yamamura et al. (2007) also observed the presence of calcium in physically 
reversible foulants and the lesser amount of magnesium desorbed from the 
fouled membrane. The presence of divalent ions in hydraulically reversible 
foulants could be explained by the fact that divalent ions could form 
complexes with carboxyl groups on the organics and then contribute to the 
membrane fouling layer (Aoustin et al., 2001; You et al. 2008; Herzberg et al., 
2009). Moreover, the elements of Al, Ca, Fe and Si have been widely 
observed in fouled UF/MF membranes (Nghiem et al., 2006; Lyko et al., 2007; 
Phuntsho et al., 2011). The results indicate that the inorganic foulants might be 
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2007; Chon et al. 2012). The hydraulically reversible fouling was supposed to 
be enhanced by the bounding of inorganic colloids with organic fouling layer 
and/or formation of complexes between multivalent cations and the 
accumulated organic matters (Lee et al., 2006; Zhao et al., 2010).  
4.3.2.2 Hydraulically Irreversible Foulants 
Hydraulically irreversible foulants were extracted by NaOH and then HCl, and 
their characteristics are shown in Table 4.4. It was found that small size 
organic components, particularly building blocks and LMW neutrals, made 
considerable contributions to hydraulically irreversible fouling, which 
indicates that they could tightly attach to the membrane surface via chemical, 
hydrophobic and electrostatic force or physically retained in the membrane 
pores (Yamamura et al., 2007; Lin et al., 2008; Guo et al., 2009). Additionally, 
Ca2+ also contributed to the hydraulically irreversible foulants by its relatively 
stronger association with the organics via the ion bridge (Jermann et al., 2007).  
Table 4.4. Characteristics of hydraulically irreversible foulants. 
 
Hydraulically irreversible foulants 












HOC mg/m2 N.D. N.D. N.D. 64 ± 5 N.D. 64 
Biopolymers mg/m2 2 ± 0.5 N.D. 2 74 ± 8 7 ± 2 81 








 24 ± 4 45 ± 6 69 173 ± 23 66 ± 5 239 
Inorganic 
matter 
Ca2+ mg/m2 18 ± 1 4 ± 1 22 38 ± 2 53 ± 3 92 
Mg2+ mg/m2 N.D. N.D. N.D. N.D. N.D. N.D. 
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Interestingly, biopolymers were observed to exist in domestic SEFs foulants 
with a smaller amount and in industrial system with a larger amount, which 
indicates that a part of biopolymers could tightly adhere to membrane and 
contribute to hydraulically irreversible foulants. This phenomenon could be 
explained by physical pore blocking as well as weak interaction between 
biopolymers and membranes via hydrogen bond and Van der Waals force 
(Pontie et al., 1998; Susanto et al., 2006). Furthermore, the different 
contribution of biopolymers in domestic and industrial SEFs foulants might be 
attributed to the diverse nature of biopolymers and various TMP developing 
rate. MW of biopolymers in domestic SEFs were around 300 kDa, while MW 
of biopolymers in industrial SEFs showed a high peak at MW < 10 kDa (Fig. 
4.2). The smaller size of biopolymers in industrial SEFs could favor their entry 
into the membrane structure and pores plugging. On the other hand, TMP 
development in industrial SEFs system was more rapid than that in domestic 
SEFs system (Fig. 4.5), which results in a more compact fouling layer in the 
industrial SEFs system. The biopolymers fouling were hence more difficult to 
be removed.  
The potential foulants on and in the membrane have been indentified and 
shows that the organic and inorganic particles, biopolymers and small organics 
mainly contributed to hydraulically reversible fouling; while small organics 
and calcium chiefly contributed to hydraulically irreversible fouling. The 
specific contributions of these components to each foulant were also depended 
on the water source and operating pressure.   
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4.4 Effect of Feed Characteristics on UF Fouling 
Based on the literature review in Section 2.3 and previous results in Section 
4.3, particles, dissolved organics, divalent ions and ion strength have been 
considered as the components in SEFs that are most relevant to UF membrane 
fouling. In this section, the effect of each component on fouling is investigated 
by comparing the UF fouling developing rates (∆:;: ) caused by SEFs at 
different concentrations of foulants. Feedwaters with different targeted 
concentration of foulants were prepared by using the methods described in 
Chapter 3.2. The characteristics of the different feedwaters are tabulated in 
Table 4.5.  
Table 4.5. Feedwater with different targeted concentration of foulants for fouling runs. 
Filtration runs Turbidity (NTU) DOC (mg/L) Ca2+ (mg/L) Cl- (mg/L) 
Effect of Turbidity 
1 2 10 50 300 
2 5 10 50 300 
3 10 10 50 300 
Effect of DOC 
4 5 6 50 300 
5 5 8 50 300 
6 5 15 50 300 
Effect of Ca2+ 
7 3 5 15 300 
8 3 5 40 300 
9 3 5 80 300 
10 10 6 80 300 
11 10 6 100 300 
Effects of ion strength 
12 3 10 30 100 
13 3 10 30 1,000 
14 10 6 30 1,000 
15 10 6 30 10,000 
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4.4.1 Effect of Turbidity on Fouling Rate 
Three synthesized SEFs with different particulate concentrations as shown in 
scenarios 1 − 3 in Table 4.5 were then fed into the UF system. Figure 4.11 
depicts the continual rise of TMP as a function of operating time. Feedwater 
with turbidity of 2, 5 and 10 NTU were observed to obtain the fouling rate of 
0.6, 1.6 and 5.0 kPa/h, respectively, which showed that the rate of TMP rise 
significantly increased as the turbidity level was increased, confirming that 
turbidity could hasten membrane fouling.  The results further show that an 
increase in feed turbidity of 1 NTU resulted in an increase in fouling rate of 
0.56 kPa/h. As explained in Section 4.1.1 and Section 4.3.2, particles in 
feedwater could be detrimental to membrane fouling because of the formation 
of cake layer and accumulation in the bulk solution in dead-end filtration 
mode. When fed by water with higher turbidity, a larger number of particles 
potentially deposited on the membrane surface and formed a thick cake layer. 
Meanwhile, the larger number of particles could result in their severe 
accumulation in the bulk solution in dead-end filtration mode, which led to 
decreasing of driving force for their back-transportation from the fouling layer 
to bulk solution. 




Figure 4.11. Effect of turbidity on membrane fouling rate. 
 
4.4.2 Effect of DOC on Fouling Rate  
According to the scenarios 4−6 in Table 4.5, three synthesized SEFs with 
different concentrations of DOC were sequentially fed to the UF system and 
TMP developments caused by them were depicts as a function of operating 
time (Figure 4.12). The results showed that 5, 10 and 15 mg/L DOC 
concentration in the feedwater achieved 1.4, 1.5 and 1.8 kPa/h fouling rate, 
respectively, which reveals that the extent of fouling remained similar despite 
an increase in the DOC concentration. Contrary to expectations, a higher total 
organic concentration in the feed water does not obviously accelerate UF 
fouling. However, previous studies reported an increase in dissolved organics 
of feed obviously hastened the membrane fouling (Jarusutthirak et al., 2002; 

























Turdidity 10 NTU,Scenario 1
Turbidity 5 NTU, Scenario 2
Turbidity 2 NTU, Scenario 3




Figure 4.12. Effect of DOC on fouling rate. 
 
To explain this discrepancy, dissolved organics in these three types of 
feedwater were further fractionalized by LC-OCD and the results are shown in 
Table 4.6. It is found that with increasing DOC, the concentrations of humics, 
building blocks and neutrals also increased; however, the biopolymers 
concentration was found to be similar. This observation suggested that 
biopolymers, but not the rest of the organic fractions, might be principally 
detrimental to the membrane fouling. As reported in Section 4.1, 4.2 and 4.3, 
40 − 50% of biopolymers in SEFs could be rejected by the UF membrane, and 
they formed cake layer, adhered to membrane structure and accumulated in the 
bulk solution. Zheng et al. (2009) observed a striking correlation between the 
apparent magnitude of delivered biopolymers to UF membrane with its fouling 
resistance. These results support the hypothesis of biopolymers were the 
predominant foulants to the UF membrane.  





















DOC 6 mg/L, Scenario 4
DOC 8 mg/L, Scenario 5
DOC 15 mg/L, Scenario 6
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Table 4.6. Organic fractions in different feedwaters. 
 
Fig.4.11 and Table 4.6 also reveal that the fouling rate was barely influenced 
by the concentration of humics, building blocks and LMW neutrals. It seems 
to be paradoxical that these LMW organics were mainly found to exist in the 
extracted foulants (Section 4.3), which could be explained by their small 
contribution to hydraulically reversible foulants that contribute to approximate 
90% of total foulants. Despite a part of LMW organics could interact with 
particles and biopolymers in the cake layer, they merely accounted for 29% of 
total organic fouling in domestic SEFs (Table 4.3). Thus their effect on fouling 
development was too minor to manifest here.  
It can be concluded that biopolymers were likely to be responsible for the 
rapid TMP rise and the impact of low molecular substances were not 
significantly on membrane fouling development. A larger amount of total 
organic amount in feedwater did not necessarily lead to a higher fouling 
potential.   
4.4.3 Effects of Calcium on Fouling Rate 
 The fouling caused by synthetic SEFs with different Ca2+ concentrations as 
described by the scenarios 7 − 11 (Table 4.5) were studied and the 













4 6 0.72 2.21 0.924 1.42 
5 8 1.14 2.51 1.48 2.62 
6 15 0.84 5.14 2.90 3.70 
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be seen that with turbidity of 10 NTU and DOC of 6 mg/L, two kinds of SEFs 
with different Ca2+ concentrations (i.e., 80 and 100 mg/L) led to an identical 
fouling rate (3.6 kPa/h). Similarly, with turbidity of 3 NTU and DOC of 5 
mg/L, three types of SEFs with different Ca2+ concentrations (i.e., 15, 40 and 
80 mg/L) caused fouling rates that all equaled to approximately 1.0 kPa/h. 
These results suggest that the membrane fouling rate was not greatly 
influenced by calcium concentration in feedwater under the studied conditions. 
 
Figure 4.13. Effect of Ca2+ on fouling rate. 
 
Conversely, the presence of calcium has been reported to affect the organic 
fouling because of the reduced barrier force of electrostatic repulsion and the 
aggregation of organics and colloids via the formation of Ca2+-NOM complex 
(Katsofidou et al., 2008; Wang et al., 2011). The rejection of calcium and 
organic fractions was studied to investigate the discrepancy. On one hand, 

























Calcium 15 mg/L, Scenario 7
Calcium 40 mg/L, Scenario 8
Calcium 80 mg/L, Scenario 9
Calcium 80 mg/L, Scenario 10
Calcium 100 mg/L, Scenario 11
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were 15, 40 and 80 mg/L, while the Ca2+ rejection achieved approximate 4% 
when the feed calcium concentration was 100 mg/L (Fig. 4.14). The extremely 
low rejection of calcium implies that limited free calcium was available to 
form Ca2+-NOM complex based on mass balance. On the other hand, Table 
4.7 shows the removal of organic fractions at feed calcium concentration of 15 
and 80 mg/L, and the removal of biopolymers is found to be improved by 13% 
when the feed calcium concentration was increased from 15 to 80 mg/L. Such 
phenomenon might be attributed to the formation of calcium-biopolymers 
complex at high feed calcium concentration, which further resulted in organics 
gelation and the decrease in membrane permeability (Davis et al., 2003; 
Jermann et al., 2008), whereas other studies (Aoustin et al., 2001; Costa et al., 
2006) reported that the calcium-organic complex was not likely to form at low 
calcium concentration.  
 




























Calcium 15 mg/L, Scenario 7
Calcium 40 mg/L, Scenario 8
Calcium 80 mg/L,Scenario 9
Calcium 80 mg/L, Scenario 10
Calcium 100 mg/L, Scenario 11
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Table 4.7. Removal of organic fractions at different calcium concentration. 
 
Based on the previous observations (Figure 4.14 and Table 4.7), it proposed 
that only a small amount of calcium interacted with biopolymers when the 
calcium concentration was high; but it slightly impacted membrane fouling 
behaviour. It could be explained by the small amount of the formed 
complexation and its loose attachment to the membrane. The detrimental 
impact of calcium on membrane fouling was overcome by continuously 
interrupting or removing the formed cake layer via the shear force of air 
scouring. The loose attachment of the calcium-organics complex was also due 
to the low operating pressure (10 − 60 kPa) employed in this study, which led 
to less compressed and easily detached fouling layer. Several studies reported 
that  impact of calcium on fouling increased when high operating pressure of 
more than 100 kPa were used and highly compacted fouling layer were formed 
(Costa et al., 2006; Katsofidou et al., 2008). This assumption was partly 
supported by Yamamur and his co-author (Yamamur et al., 2007) who stated 
that calcium was less important in the evolution of physically irreversible 
fouling. 
4.4.4 Effects of Conductivity on Fouling Rate 
As illustrated in the scenarios 12 − 15 (Table 4.5), SEFs with different NaCl 







Biopolymers Humics Building blocks 
LMW 
neutrals 
7 15 17.7% 6.7% 0.5% 1.5% 
9 80 30.9% 6.8% 0.9% 1.8% 
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operating time were described in Figure 4.15. It is observed that with turbidity 
of 3 NTU, DOC of 10 mg/L and calcium concentration of 30 mg/L, an 
increase in the conductivity from 321 to 1,518 ms/m in the feedwater resulted 
in a rise of fouling rate from 4.4 to 6.8 kPa/h. With turbidity of 10 NTU, DOC 
of 6 mg/L and calcium concentration of 30 mg/L, the feed with the 
conductivity increased from 292 to 2,600 ms/m also led to an increasing of 
fouling rate from 5.0 to 8.5 kPa/h. These results indicated that higher ion 
strength of feed could hasten the membrane fouling.  
 
Figure 4.15. Effect of ionic strength on fouling rate. 
 
The effect of ionic strength on fouling could be explained by the changes of 
feed solution chemistry and it is widely accepted that an increase in the ionic 
strength would reduce the electrostatic repulsion between colloid and colloid 
as well as colloids and membrane surface (Yuan et al., 1999; Wilf et al., 2001; 
























Cond. 321 ms/m, Scenario 12
Cond 1518 ms/m, Scenario 13
Cond. 292 ms/m, Scenario 14
Cond. 2600 ms/m Scenario 15
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between components in the solution was measured by using zeta potential 
analyzer, and it was found that the zeta potential of the feed solution with 
conductivities of 292 and 2,600 ms/m was -12.8 and -0.5 mV, respectively, 
which suggests that electrostatic repulsion forces between components were 
reduced with increasing conductivity. Furthermore, the PSD of these solutions 
was investigated and the results are shown in Fig. 4.16. The main peak of PSD 
for the feedwater with higher conductivity was presented at larger diameter, 
which indicates that the particles and colloidal organics aggregated together 
and formed larger size particles when the ionic strength was high. Similar 
results regarding solution chemistry were also reported by Mousa et al. (2007).  
 
Figure 4.16. Particle size distributions of SEFs with different ionic strengths. 
 
Moreover, the adhesion force between foulants and membrane was 
























Cond. 2600 ms/m, Scenario 15
Cond. 292 ms/m, Scenario 14
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reversible foulants and physically irreversible foulants according to the 
method described in Section 3.3.1.  Figure 4.17 shows that the feed with 
higher conductivity caused more physically and chemically irreversible 
fouling, implying that foulants were more prone to tightly attach onto the 
membrane surface or enter into the membrane pores when the conductivity 
increased.  The enhanced adsorption of foulants to membrane and tighter 
adhersion of fouling layer onto membrane surface suggested  the reduced 
electrostatic repulsion between foulants and membrane, which could hasten 
the membrane fouling (Yuan et al., 1999). 
Figure 4.17. Distribution of fouling resistance for fouling runs with different ion strength (a) 
Scenario 12, conductivity 321 ms/m; (b) Scenario 13, conductivity 1518 ms/m; (c) Scenario 
14, conductivity 292 ms/m; (d) Scenario 15, conductivity 2600 ms/m. 
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The effects of turbidity, organic concentration, calcium concentration and 
conductivity on fouling developing rate have been investigated. Particles, 
biopolymers were most detrimental to UF membrane process, which could 
form thick and dense fouling layer and expedite the TMP rise. High 
conductivity of feed solution also led to severe fouling by reducing the 
electrostatic repulsion between foulant and foulant as well as foulants and 
membrane. However, the presence of calcium exhibited little influence on the 
membrane fouling due to the small amount of formed calcium-organic 
complex and less compact fouling layer under the studied condition.  
4.5 Morphology of Membrane 
In order to further investigate the fouling mechanism, the membrane 
morphologies of fresh and fouled UF membrane were analyzed by SEM, AFM, 
and CLSM analytical procedure.   
4.5.1 SEM 
The surface images of fresh and fouled membrane were obtained by SEM as 
shown in Fig. 4.18. Surface and cross-section conditions of the membranes 
prior to the membrane filtration are depicted in Figs. 4.18(a) and (b), which 
revealed that fresh UF membranes have mesh-like structure with pores. Figure 
4.18(c) illustrates that the pores of fouled membrane were sporadically 
blocked by big clusters of particles with round shape. Figure 4.18(d) showed 
that the fouled membrane surface was also covered with a cake layer. These 
observations confirm that membrane fouling is attributed to a decrease in 
effective pore size and an increase in cake layer coverage.  
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Figure 4.18. (a) SEM image of fresh membrane surface (top, left); (b) SEM image of 
fresh membrane cross-section (top, right); (c) SEM image of fouled membrane − 




Morphological differences of membrane surface roughness between fresh and 
fouled membrane were investigated by AFM. Figure 4.19 shows that the 
surface of fouled membrane was rougher than that of fresh membrane. The 
root mean square of roughness for fresh and fouled membrane surface was 
226.2 and 298.2 nm, respectively. It could be explained that the foulants 
deposition on the membrane had caused the membrane surface to become 
rougher than a clean membrane. Furthermore, such rougher surface led to a 
more rapid accumulation of foulants on the membrane surface (Lee et al., 
2005). 




In order to acquire spatial fouling information, CLSM was used to capture a 
three-dimensional image of fouled UF membrane after gently cleaning the 
surface with ultrapure water. Figure 4.20 shows the spatial distribution of 
protein and polysaccharides in membrane structure in terms of top-view and 
side-view images. It was found that two stains targeting proteins and 
polysaccharides showed positive signal with the color of yellow and purple, 
respectively. It could be ascertained that these two components were present in 
the fouled membrane structure.  
From the top-view images scanned at various distance below the membrane 
surface, the intensity of fluorescent light for polysaccharides was found to be 
strongest at 4.24 µm below the membrane surface and it decreased with the 
depth of membrane. It suggests that polysaccharides are prone to attach to 
membrane surface layer. On the other hand, the intensity of fluorescent light 
for protein was observed to increase with membrane depth, and then became 
stronger at the bottom layers of the membrane where it distributed according 




Chapter 4                                           Identification of Major Foulants in Flat Sheet UF System 
118 
 
to the shape of membrane structure (from 11.21 to 21.31 µm below the 
membrane surface). It indicates that certain protein-like substances with small 
size could enter the membrane structure and adsorb to the deep membrane 
layer. Protein attachment to the hydrophobic membrane was also reported by 
Ng et al. (2010). These results further provided the evidence that 
polysaccharides and proteins-like substances contributed to irreversible 
fouling by attaching to membrane surface and retain in the membrane 
structure.  
 
Figure 4.20. CLSM images of foulants distribution in a fouled UF membrane. 
 
4.6 Proposed Fouling Mechanism in Flat Sheet System 
There are several kinds of widely accepted fouling mechanisms including cake 
layer formation, pore narrowing, and adsorption (Meng et al., 2009; Qu et al., 
2012). In this study, cake layer formation is the most dominant fouling 
mechanism. At high convection rates towards membrane, almost all the 
organic particles, including bacteria debris and biopolymers as well as 
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inorganic particles with the elements of Al, Si, Ca and Fe were rejected by the 
membrane due to their larger size. They heterogeneously deposited on the 
membrane surface under permeate drag force and aggregated together due to 
the interactions between particles and organics via electrostatic force, 
hydrogen bonding and van der Waal forces. Divalent ions also associated with 
the organics, particularly biopolymers, and formed complexation in a marginal 
amount which contributed to the cake layer. The cake layer fouling could be 
hastened by formation of a thicker and denser cake layer via higher TMP or 
larger adhesion force between foulant and foulant as well as foulants and 
membrane surface. On the other hand, pore narrowing and adsorption were 
considered as subordinate fouling mechanisms because they only caused less 
than 10% of the overall fouling. Humics, LMW organics and some protein-
like substances were found to tightly attach to the membrane and enter the 
membrane pore structure.  
4.7 Summary 
In this chapter, domestic and industrial SEFs were filtrated by flat-sheet UF 
membrane with MWCO of 70 kDa. Under the experimental conditions, UF 
membrane could remove more than 88% of particles in both SEFs and 
particles with size larger than 0.3 µm were completely rejected by the 
membrane. 11% of DOC was eliminated by UF membrane and dissolved 
organic matters with large MW (50 − 300 kDa) were largely removed. The 
LC-OCD analysis revealed that the biopolymers were largely rejected by UF 
membrane by size exclusion; while HOC, humics, building blocks and LMW 
neutrals were marginally removed due to their interaction with membrane and 
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trapping by the fouling layer. The EEM analyses also revealed that the fulvic 
and humic-like substances could be partially removed. Lastly, the 
concentrations of ions remained stable during the UF process.  
Membrane fouling development was studied in terms of TMP rise, mass 
transmission and accumulation over the filtration run. The TMP rapidly 
increased linearly with time during the membrane filtration period after the 
initial pore blocking period of 2 − 3 h, which suggested that cake filtration was 
the dominant process. Over the filtration run, the biopolymers rejection kept 
increasing with filtration time due to the decreasing permeability of the denser 
cake layer and narrowing of the membrane pores. Humics concentration in the 
membrane permeate initially decreased but subsequently increased, which 
could be explained by the initially adsorption and subsequent desorption of 
humics when adsorption saturation was achieved. Moreover, the analysis of 
retentate at the end of the filtration run revealed that the particles and 
biopolymers could substantially accumulate in the bulk solution except for the 
LMW organics. These accumulations would hinder the back-transportation of 
foulants on and near the membrane surface and resulted in a rapid TMP rise. 
Foulants were desorbed and analyzed in order to provide the quantified and 
qualified information on membrane fouling. It was found that approximately 
88 and 8% of foulants could be removed by hydraulic cleaning and the 
subsequent chemical cleaning, respectively. The hydraulically reversible 
foulants were found to be formed by the aggregated organic and inorganic 
particles with elements of Al, Si, Ca and Fe in the feedwater. Biopolymers 
contributed substantially to hydraulically reversible foulants and certain LMW 
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substances, except humics, were also observed to exist with a smaller amount. 
On the other hand, LMW substances, especially those with hydrophobic 
characteristics, were the dominant hydraulically irreversible foulants due to 
adsorption, pore constriction and blocking. 
The effect of turbidity on fouling rate was pronounced due to dominant 
contribution of particles to fouling layer formation. The characteristics, rather 
than the amount, of dissolved organics would determine the fouling 
development. Biopolymers played a more crucial role on membrane fouling 
than that of LMW organics. High conductivity of feed exacerbated fouling 
probably due to reducing electrostatic repulsion between foulant and foulant as 
well as foulants and membrane. However, the effect of calcium on TMP rise 
was minor in this low-pressure UF membrane system because of the small 
amount and loose structure of the formed calcium-organic foulants.  
Morphology analyses were conducted for both the fresh and fouled membrane. 
SEM images confirmed that membrane fouling was attributed to a decrease in 
the effective pore size and an increase in the cake layer formation. AFM 
results suggested that the fouled membrane became rougher. CLSM results 
showed that polysaccharide-like substances were prone to deposit on the 
membrane surface, whilst the protein-like substances were prone to enter into 
the deeper membrane structure. 
Based on the results obtained, the specific components in the SEFs which tend 
to foul the membrane via size exclusion and interaction with membrane were 
identified, and the principle water quality parameters affecting fouling were 
identified. However, it is still unclear regarding the reversibility of these major 
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foulants in a continuously operating system and the mutual effect of fouling-
relevant water quality parameters on fouling development. These issues have 















Chapter 5  
IDENTIFICATION OF HYDRAULICALLY REVERSIBLE 
AND IRREVERSIBLE FOULANTS IN HOLLOW FIBER UF 
SYSTEM 
Practically, physically and chemically irreversible fouling, rather than total 
fouling, would determine the long-term performance of full-scale 
ultrafiltration (UF) systems. To improve hydraulic reversibility of fouling, 
increasing the strength and frequency of physical and chemical cleaning has 
been widely applied; however, it has the disadvantage of shortening 
membrane lifetime. An alternative approach would be removing the 
irreversible foulants before their entry into the UF system. In order to select 
the optimal pretreatment process, the information pertaining to fouling 
reversibility caused by constituents in feedwater have to be well understood; 
however, this information is still limited as discussed in Chapter 2.4.  
Additionally, the influence of foulants brought by feedwater has not been well 
quantified. Besides the reasons indicated in Chapter 2, it is also worthy to note 
that bacterial activity might also significantly influence fouling development 
because of biofouling (Wang et al., 2005; Ng, 2010). In UF systems treating 
SEFs, the amount of bacteria brought by the feewater was found to be around 
104 − 106 CFU/ml, which is far lesser than in wastewater; however, it is still 
sufficient to cause bacterial growth on the UF membrane (Goldman et al., 
2009). In previous studies, biofouling has been extensively studied in 
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membrane bioreactors (Meng et al., 2009); yet, it has been seldom investigated 
in UF process treating secondary effluents.  
Based on the above-mentioned research gaps, hollow fiber UF membrane was 
used to investigate the characteristics of reversible and irreversible foulants in 
secondary effluents (SEFs). Specifically, removal performance and mass 
transmission was studied first. Unified fouling index was then used to quantify 
the reversible and irreversible fouling in the hollow fiber system, and the 
analysis of extracted foulants was conducted to identify the constituents of 
reversible and irreversible fouling. Thereafter, the effect of fouling-relevant 
constituents (bacteria, particles, organic and inorganic matters) on reversible 
and irreversible fouling was studied, and the most important factors 
influencing fouling were indentified. Based on the above results, the process 
of reversible and irreversible fouling development in hollow fiber UF system 
was proposed.  
5.1 Mass Removal by Hollow Fiber UF Membrane 
5.1.1 Removal Performance 
The characteristics of domestic and industrial SEFs are summarized and 
compared with those of their UF permeates in Table 5.1. It can be seen that the 
average removal of turbidity and DOC was 94.3 and 9.7%, respectively, for 
domestic SEFs; 97.5 and 16.0%, respectively, for industrial SEFs. The ionic 
concentrations of both SEFs were observed to be almost the same after UF 
filtration. The high removal of particles, low removal of total dissolved 
organic matters and absence of ions removal by the hollow fiber system made 
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it comparable to the flat sheet system (Table 4.1), despite a significant 
difference in membrane material and structure between these two systems and 
this could be explained by the similar pore size of these two membranes 
(0.036 µm for the hollow fiber membrane and 0.03 µm for the flat sheet 
membrane). This suggests that the removal performance was largely 
influenced by the pore size of the membrane. 
Table 5.1. The removal performance of hollow fiber UF system. 







pH   6.9 ± 0.5 7.2 ± 0.5 7.9 ± 0.5 8.3 ± 0.4 
Turbidity NTU 3.5 ± 2.0 0.2 ± 0.1 11.8 ± 9.8 0.3 ± 0.2 
DOC mg/L 7.2 ± 1.6 6.5 ± 1.3 31.2 ± 4.9 2 6.2 ± 2.5 
Na+ mg/L 68.8 ± 16.8 63.1 ± 16.7 2196 ± 815.8 2186 ± 818.6 
Mg2+ mg/L 1.4 ± 0.3 1.4 ± 0.4 14 ± 3.5 15 ± 3.5 
Ca2+ mg/L 18.0 ± 2.7 18,9 ± 3.2 39 ± 3.1 38 ± 3.2 
Cl- mg/L 84 ± 24.7 82 ± 30.7 3262 ± 914.7 3122 ± 823.5 
NO3- mg/L 24.5 ± 19.7 26.7 ± 19.7 13 ± 10.5 15 ± 7.8 
SO42- mg/L 56.1 ± 8.8 55.9 ± 8.2 1247 ± 160.8 1355 ± 166.2 
5.1.1.1 Particle Size Distribution (PSD) 
Particle size distributions of domestic/industrial SEFs and their UF permeates 
are shown in Fig. 5.1. Compared to SEFs, the permeates displayed fewer 
peaks at larger particle size (larger than 0.5 µm), while peaks corresponding to 
small particle size (smaller than 0.5 µm) remained but with weaker intensities. 
These observations indicate that the hollow fiber UF system could 
significantly reduce the amount of particles with size larger than 0.5 µm, 
which was similar to the flat sheet system described in Section 4.1.1. 
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Figure 5.1. Particle size distribution of SEFs and their permeates in hollow fiber UF system. 
 
5.1.1.2 LC-OCD Results 
Removal of dissolved fractions was further investigated by LC-OCD. Figure 
5.2 illustrates the concentrations of organic fractions and inorganic colloids in 
SEFs and their permeates. It can be seen that for domestic SEFs, removal 
efficiencies of biopolymers and inorganic colloids by the membrane was as 
high as 52 and 32%, respectively. The removal efficiencies of hydrophobic 
organic matters (HOC), humics, building blocks and low molecular weight 
(LMW) neutrals were found to be 7, 1, 8 and 11%, respectively. For industrial 
SEFs, after filtration, the concentration of biopolymers and inorganic colloids 
was reduced by 25 and 44%, respectively. The removal of organic fractions 
was found to be insignificant, ranging from 3 to 8%. For both water sources, 
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well as low removal of LMW organics by hollow fiber UF membrane were 
similar to those of the flat sheet system.  
 
Figure 5.2. Organic fractions of feed and permeate in hollow fiber UF system. 
 
The removal of biopolymers and inorganic colloids could be mainly explained 
by size screening due to their larger molecular weight, as discussed in Chapter 
4. The biopolymers and inorganic colloids displayed similar size larger than 
20kDa as they eluted at similar retention time of around 33 min in the LC-
OCD system. On the other hand, the low removal of LMW matters (humics, 
building blocks, LMW neutral and HOC) could be explained by their weak 
interaction with the membrane surface or the fouling layer as well as limited 
pore blocking/constricting. Weak interaction might be caused by hydrogen 
bonding or van der Waal forces between the hydrophilic functional groups of 
these LMW compounds and the membrane (Susanto et al., 2006; Jermann et 









HOC 3.88 3.61 1.49 1.39
Biopolymers 0.52 0.39 0.92 0.47
Humics 2.92 2.83 1.80 1.78
Building blocks 2.70 2.48 1.22 1.12
LMW neutrals 3.66 3.44 1.90 1.68
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organics and the PVDF membrane (Aoustin et al., 2001). Moreover, the 
removal of LMW matters could be explained by cake layer retaining 
(Jarusutthirak et al., 2006). The main mechanism for the removal of LMW 
organics is further investigated in the following section. 
5.1.1.3 EEM Results 
The EEM images were obtained for domestic/industrial SEFs and their UF 
permeates, as shown in Fig. 5.3. It can be seen that for SEFs, the intensity of 
the main peaks located in Region V, which represent the fulvic and humic-like 
substances, decreased after UF filtration. The intensity of less significant 
peaks located in Region IV, associated with protein-like products, was also 
reduced to some extent. These observations partially support the results of LC-
OCD, indicating that a part of the fulvic and humic-like substances, which 
correspond to humic substances and building blocks defined by LC-OCD, 
could be retained by the hollow fiber membrane. Moreover, protein-like 
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                Figure 5.3. EEM for domestic and industrial SEFs and permeates in hollow fiber 
system. 
 
5.1.2 Removal of LMW Components 
Based on the above results, it is unclear whether the removal of LMW 
organics is attributed to adsorption to the membrane or rejection by the fouling 
layer. In order to better understand the removal mechanism for small organics, 
the effluent from UF was re-filtered by a fresh UF membrane. The fouling 
behavior and removal performance were studied. The trans-membrane 
pressure (TMP) remained stable, ranging from -3 to -5 kPa, over the filtration 
period of 100 h, suggesting that no cake layer formed. The absence of a cake 
layer could be explained by the lack of particles and large-sized components, 
which were removed by the previous UF filtration. In this case, the rejection 
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that occurred should be mainly attributed to membrane adsorption or pore 
constriction.  
The organic fractions of this feed and of its UF permeate were analyzed by 
LC-OCD (Fig. 5.4). It can be seen that the organic fractions of the domestic 
UF effluent mainly comprised organics with small molecular weights, 
including humics, building blocks and LMW neutrals and their differences 
between UF effluent and its permeate were subtle. The removal of HOC and 
humics was as low as 1.9 and 1.3%, respectively, suggesting that membrane 
adsorption or pore blocking did not occur significantly. Therefore, it can be 
concluded that the removal of LMW components observed in the UF system 
filtering SEFs should be mainly attributed to fouling layer rejection. The 
fouling layer that formed could act as a less permeable membrane than the 
membrane itself, and reject these LMW components due to their interaction 
with the fouling layer (Jarusutthirak et al., 2006). Humics could interact with 
alginate and particles, the major constituents of fouling layer, due to steric 
effect and chemical interactions. The humics incorporated in the fouling layer 
could act as a bridge between alginate and membrane (Jermann et al., 2007). 
This assumption could be further demonstrated by analyzing the foulants 
composition in the fouling layer (Section 5.3). 
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Figure 5.4. Distribution and variation of dissolved organics of UF effluent filtrated by UF. 
 
This section showed that high removal of particles and low removal of 
dissolved organic matters could be achieved in hollow fiber system. The 
removal of biopolymers and inorganic colloids was significant, due to size 
exclusion. The relatively low removal of small molecular organics was mainly 
due to secondary rejection by the cake layer. Fouling occurring in the hollow 
fiber system is investigated in the following section. 
5.2 Fouling Development in Hollow Fiber UF System 
5.2.1 Mass Transmission with Filtration Time 
Domestic permeates from UF were collected and analyzed at 0, 12, 22, 35 and 
48 h over the filtration process to investigate mass transmission through the 
membrane. It was found that pH, turbidity and DOC of the permeate remained 
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stable throughout the filtration time, with average value of 7.0, 0.21 NTU and 
8.5 mg/L, respectively, indicating that the removal of particles and overall 
organics remained constant throughout the filtration time.  
Furthermore, the concentration of organic fractions over the filtration process 
was monitored (Fig. 5.5). It can be seen that the concentration of biopolymers 
and inorganic colloids in the permeate remained relatively stable with time, 
unlike the observations with the flat sheet system. The reason might be that 
besides the guaranteed removal by size exclusion, the extra removal of these 
constituents by the dynamic cake layer could not be ensured in this hollow 
fiber system. Compared with the continuous build-up of cake layer in the flat 
sheet system, this cake layer, partially broken and removed by periodical 
backwash combined with air scouring, could not grow continuously and 
rapidly (Huang et al., 2007).  
On the other hand, concentration of small molecular organics, including HOC 
and humics, was found to fluctuate during the filtration process. As proposed 
in Section 5.1.2, the removal of these components was mainly attributed to 
their interaction with the fouling layer. Hence, their unstable removal might be 
attributed to the unstable fouling layer formation in this system. Additionally, 
the observed initial decrease and subsequent increase in the concentration of 
building block and LMW neutrals might be attributed to their adsorption onto 
the surface and pore walls of the clean membrane, and subsequent desorption 
from the membrane when adsorption reached saturation. Such time-dependent 
retention of organic substances was discussed by Haberkamp et al. (2008).  
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Figure 5.5. Variation of organic fraction in hollow fiber UF permeate with filtration time. 
 
5.2.2 Mass Accumulation in the Bulk Solution over Filtration Time 
The bulk solution in the reactor was collected and analyzed at 0, 10, 30, 50 
and 72 h throughout the filtration process. As shown in Fig. 5.6, turbidity and 
DOC of the bulk solution significantly increased with filtration time, and the 
rate of increasing turbidity was faster than that of DOC. The rapid rise in 
turbidity and a less rapid increase in DOC indicate that particles could largely 
accumulate, whilst dissolved organics partially accumulated in the bulk 
solution. These results are coincident with the observed high removal of 
particles (94.3%) and low removal of DOC (9.7%) in section 5.1. These 
rejected components would accumulate in the bulk solution, besides 
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Figure 5.6. Variation of turbidity and DOC in the bulk solution from hollow fiber membrane 
system. 
 
The accumulation of fractionalized constituents in the feed was further 
investigated by LC-OCD. Concentration of five organic fractions and 
inorganic colloids in the bulk solution over the filtration process is illustrated 
in Fig. 5.7. It can be seen that the concentration of biopolymers and inorganic 
colloids significantly increased with filtration time, but the other fractions did 
not exhibit any obviously increasing trend. This provides clear evidence that 
the accumulation of DOC in Fig. 5.6 was mainly contributed by biopolymers. 
The accumulation of inorganic colloids is one of the reasons for increasing 
turbidity in Fig. 5.6. The reason for such accumulation could be linked to the 
high rejection of biopolymers (52%) and inorganic colloids (32%), a large 
amount of them being retained in the system and accumulating during 
filtration. They would either deposit onto the membrane or transport back into 
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hydraulically reversible foulants from the cake layer, facilitate the back-
transportation of biopolymers and inorganic colloids into the bulk solution, 
and increases their accumulation rate in the bulk solution. This explanation is 
also supported by the results of Huang et al. (2007), who reported that the 
concentration of biopolymers in the backwash water sample was dramatically 
higher than that in the feedwater.  
From Fig. 5.7, subtle accumulation of other organic fractions, mainly LMW 
organics, could be seen. As explained earlier (Section 5.1.2), limited rejection 
of these small organics was mainly due to their retention by the cake layer. 
When the cake layer was removed from the membrane surface by backwash or 
air scouring, the loosely attached small organics would be brought back into 
the bulk solution.  
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5.2.3 Distribution of Foulants in the Bulk Solution and the Membrane 
Fouling Layer  
At the end of the filtration time, the bulk solution was collected and foulants in 
the membrane fouling layer were extracted by ultrapure water. Their 
characteristics are illustrated and compared in Table 5.2. It was found that the 
mass of biopolymers, humics and HOC in the bulk solution and the membrane 
fouling layer were similar, indicating that these foulants were evenly 
distributed in the bulk solution and the membrane fouling layer. It also 
suggests that they lacked a strong propensity to interact with the fouling layer. 
In contrast, the mass of building blocks and LMW neutrals in the membrane 
fouling layer was substantially larger than that accumulated in the bulk 
solution. It reveals that these components with small sizes might be more 
likely to interact with the fouling layer and remained in the fouling layer or on 
the membrane surface, implying they might be more irreversible than the rest 
of components. Lastly, the mass of inorganic colloids, calcium and 
magnesium in the bulk solution was larger than those in the fouling layer and 
on the membrane, revealing that those inorganic constituents might be prone 
to stay in the bulk solution and have relatively weaker association with the 
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Table 5.2. Distribution of foulants in the bulk solution and the membrane fouling layer from 
the hollow fiber membrane system.  
Foulants Unit In the bulk 
solution 
In the membrane 
fouling layer 
Biopolymers mg 4.54 ± 0.5 4.54 ± 0.7 
HOC mg 7.4 ± 2.4 6.44 ± 2.0 
Humics mg 0.77 ± 0.2 0.5 ± 0.1 
Building blocks mg 1.24 ± 0.8 3.27 ± 1.2 
LMW neutrals mg 1.01 ± 0.4 4.29 ± 1.2 
Inorganic colloids SAC · m-1 0.74 ± 0.2 0.48 ± 0.1 
Calcium mg 12.46 ± 1.0 0.92 ± 0.1 
Magnesium mg 1.12 ± 0.2 0.07 ± 0.04 
 
Furthermore, the ratios of the above-mentioned foulants in the membrane 
fouling layer to them in the bulk solution were calculated, and these ratios 
obtained from flat sheet membrane system without backwash and hollow fiber 
membrane system with backwash were compared as shown in Fig. 5.8. Such 
ratios for biopolymers, inorganic colloids and calcium in the system without 
backwash are larger than those in the system with backwash, implying that 
biopolymers, inorganic colloids and calcium can be backwashed off the 
membrane to same extent. It suggests that the physical reversibility of these 
three components were better than the other components. The higher ratios for 
humics, building blocks, LMW neutrals and HOC in the system with 
backwash might be caused by their low physical reversibility or the production 
of bacterial byproducts. The presence of bacteria in the membrane system was 
proved by the analysis of HPC counts for the fouling layer, which is shown in 
the following section (Section 5.5.1). The hollow fiber membrane system 
continuously ran 70 h while the flat sheet membrane system ran merely 20 h at 
the end of filtration run. The longer operating time of hollow fiber membrane 
system might lead to a more rapid growth of bacteria and the release of more 
small organics in the fouling layer (Le-Clech et al., 2006; Meng et al., 2009).     
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Figure 5.8. Comparison between foulants distributions in the flat sheet and hollow fiber 
membrane systems. 
 
In short, the results of foulants accumulation in the bulk solution and 
distributions on the membrane/in the bulk solution indicated that the physical 
reversibility of different components in the SEF varied. The reversibility of 
each component must be substantiated by the foulants analysis as discussed in 
the following section.   
5.3 Foulants Analysis 
5.3.1 Quantification of Hydraulically/Chemically Reversible/Irreversible 
Foulants  
The distributions of hydraulically reversible, hydraulically 
irreversible/chemically reversible and chemically irreversible foulants from 
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hydraulically reversible, hydraulically irreversible and chemically irreversible 
fouling accounted for 86 − 93%, 6 − 11% and 0.5 − 2% of total fouling, 
respectively. This indicates that the majority of foulants could be hydraulically 
removed, and most of the others could be removed by chemical cleaning. This 
distribution was similar to the situation of the flat sheet system as shown in 
Fig. 4.8. This suggests that the difference in module design played little 
influence on the distribution of hydraulically/chemically reversible/irreversible 
foulants.  
In addition, as compared to domestic SEFs, it was found that industrial SEFs 
contained a higher percentage of hydraulically irreversible and chemically 
irreversible foulants. The reason might be that industrial SEFs contained 
smaller and more hydrophobic organics (Fig. 5.2), which contributed to 
irreversible fouling. This finding suggests that the distribution of hydraulically 
reversible, hydraulically irreversible and chemically irreversible foulants was 
specific to the water source.  
   
 
Figure 5.9. Distribution of fouling resistance in fouled hollow fiber UF module. 
Domestic SEFs system Industrial SEFs system 
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5.3.2 Identification of Hydraulically Reversible and Irreversible Foulants  
At the end of the fouling runs, hydraulically reversible and irreversible 
foulants were extracted from the membrane and analyzed in terms of 
particulate, organic and inorganic characteristics.   
5.3.2.1 Hydraulically Reversible Foulants 
Particles 
Table 5.3 illustrates the characteristics of hydraulically reversible foulants. 
The amount of suspended solids was significantly larger than the other 
fractions, which indicates that particles were the main constituent of the 
hydraulically reversible foulant. Additionally, VSS/SS in domestic and 
industrial SEFs system was 0.87 and 0.29, respectively, indicating that 
particles foulants in domestic and industrial SEFs systems were mainly 
comprised by organic and inorganic particles, respectively. This shows that the 
contribution of organic and inorganic particles to fouling was specific to the 
water source. This phenomenon coincides with the situation observed for the 
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Table 5.3. Characteristics of hydraulically reversible foulants. 




Particles SS mg/m2 1478 ± 267 1413 ± 258 




HOC mg/m2 14.2 ± 4.0 14.6 ± 4.2 
Biopolymers mg/m2 47.1 ± 11.3 83.6 ± 8.6 
Humics mg/m2 N.D. N.D. 
Building 
blocks 
mg/m2 8.1 ± 2.9 83.6 ± 10.7 
LMW 
neutrals 
mg/m2 8.5 ± 2.6 104.1 ± 26.1 
Inorganic 
matter 
SiO2 mg/m2 13.2 ± 5.1 34.1 ± 5.6 
Ca2+ mg/m2 8.2 ± 1.5 95.6 ± 2.7 
Mg2+ mg/m2 0.5 ± 0.1 78.3 ± 5.4 
  Note: “N.D.” means that data are not detectable. 
 
Organic constituents 
Biopolymers, HOC, building blocks and LMW neutrals all contributed to 
hydraulically reversible foulants (Table 5.3). Biopolymers accounted for 
around 60 and 29% of total dissolved organic foulants in domestic and 
industrial SEFs system, respectively. LMW neutrals accounted for around 42% 
of total dissolved organic foulants in industrial SEFs system. These 
observations provide the evidence that biopolymers and LMW organic 
components were the dominant species of hydraulically reversible foulants. 
Biopolymers and LMW organics fouling was caused by size screening and 
association with the cake layer, respectively. This explanation was also 
supported by the results in the previous sections.  
Humics made no contribution to hydraulically reversible foulants (Table 5.3). 
This phenomenon was similar to the results obtained from the flat sheet 
system, showing that humics could neither be rejected by the membrane due to 
their small size and coiled shape, nor associate with the fouling layer due to 
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the electrostatic repulsion between their negatively charged functional groups 
and negatively charge fouling layer (Jermann et al., 2007).  
Inorganic constituents 
Table 5.3 also shows that Si, Ca and Mg were present in the hydraulically 
reversible foulants desorbed by DI water. The presence of inorganic 
constituents in the foulants was further confirmed by EDS (Fig. 5.10). It can 
be seen that the EDS spectra of the fresh UF membrane had only strong C, F 
and P peaks and minor O and S peaks, which are associated with membrane 
composite materials. Besides these peaks, minor peaks of Al, Si and Ca were 
found in the EDS spectra of the fouled UF membrane. It indicates that the 
inorganic particles might consist of polyhydroxides or oxidhydrates of Al, Si 
and Ca. Similarly, Chon et al. (2012) also observed that the inorganic fouling 
of UF membrane was mainly caused by these three elements. 
The presence of silicon and metal ions indicates the probable formation of clay 
mineral particles. Clay mineral material has a high viscosity because a layer of 
water molecules and dipolar organic molecules are held around the clay 
mineral particle by hydrogen bonding and their attraction to the negatively-
charged particle surface. This cohesion is likely reinforced under higher 
negative pressure as more water and organic molecules fill the void space 
between particles (Craig, 2004). This high viscosity of clay material could 
lead to heavier deposition of foulants on the membrane and a lower 
reversibility of fouling (Ahn et al., 2008; Jin, 2010). Additionally, the presence 
of calcium and magnesium could also be explained by the formation of ionic-
organic complexs between divalent ions and organics with acidic (especially 
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carboxyl) groups. Such complexation could lead to the aggregation of organics, 
which are more prone to deposit on the negatively charged membrane surface 
and form a fouling layer (Li et al., 2004; Yamamura et al., 2007; You et al., 
2008). The hydraulically reversible fouling was reported to be enhanced by the 
bounding of inorganic colloids with the organic fouling layer and/or formation 
of such complex between multivalent cations and the accumulated organic 
matters (Lee et al., 2006; Zhao et al., 2010).  
 
Figure 5.10. EDS spectra of the fresh and fouled UF membranes in domestic system. 
 
5.3.2.2 Hydraulically Irreversible Foulants 
Table 5.4 shows the characteristics of hydraulically irreversible but chemically 
reversible foulants, which were extracted by NaOH and subsequently HCl. It 
can be seen that organic components and silica could be extracted by NaOH 
solution, while ionic components could be extracted by HCl solution. In 
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neutrals were found to account for 10.6, 5.2, 27.3, 16.1, and 40.9% of the total 
organic irreversible foulants, respectively. In industrial SEFs system, HOC, 
biopolymers, humics, building blocks and LMW neutrals accounted for 10.3, 
6.9, 20.8, 21.1, and 41.0% of the total organic irreversible foulants, 
respectively. These results reveal that the LMW components, including LMW 
neutral, building blocks and humics, were the dominant constituents of 
hydraulically irreversible foulants. Possibly, these small organics could be 
retained in the membrane structure due to pore blocking or adsorption. This 
explanation was supported by previous studies. For example, carbohydrates 
with small molecular weight in drinking water were reported to be adsorbed 
onto/into membranes by hydrophobic interactions (Yamamura et al., 2007). 
The adsorption of humics and LMW organics to membrane was also 
confirmed by Jermann et al. (2007) and Guo et al. (2009). On the other hand, 
biopolymers were observed to make a relatively small contribution to 
hydraulically irreversible fouling. Clearly, biopolymers with relatively larger 
size and hydrophilic characteristic were less likely to either enter into the 
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Table 5.4. Characteristics of chemically reversible foulants. 
Chemically reversible foulants 














HOC mg/m2 10.1 ± 2.1 6. 1± 1.6 16.2 70.0 ± 5.8 N.D. 70.0 
Biopolymers mg/m2 7.9 ± 2.2 0.1 ± 0.05 8.0 43.0 ± 6.7 3.6 ± 0.9 46.6 
Humics mg/m2 38.9 ± 5.1 2.9 ± 0.8 41.8 141.2 ± 10.2 N.D. 141.2 
Building 
blocks 
mg/m2 22.1 ± 3.8 2.4 ± 0.6 24.5 128.6 ± 20.7 14.7 ± 3.7 143.3 
LMW 
neutrals 
mg/m2 50.8 ± 6.2 11.8 ± 3.4 62.6 211.5 ± 28.6 67.1 ± 6.6 278.6 
Inorganic 
matter 
SiO2 mg/m2 10.1 ± 5.1 6.6 ± 1.6 16.7 291.5 ± 30.7 7.6 ± 1.4 299.1 
Ca2+ mg/m2 N.D. 6.4 ± 1.1 6.4 34.8 ± 1.3 70 ± 2.5 104.8 
Mg2+ mg/m2 N.D. 0.5 ± 0.1 0.5 10.4 ± 1.6 N.D. 10.4 
Regarding the inorganic constituents, silica was found to be a pronounced 
constituent of physically irreversible foulants. Silica compounds are 
supposedly of similar size as biopolymers, and therefore, pore blocking or 
adsorption might not be a major explanation for their presence in physically 
irreversible foulants. Alternatively, silica compounds may have a strong 
adhesion force to membrane surface by interaction with organics and 
formation of a highly compact heterogeneous colloidal/organic fouling layer 
(Li et al., 2006). However, this strong adhesion force between silica 
compounds and the membrane has seldom been reported, and its mechanism is 
unclear. In addition, Ca2+ was observed to exist in physically irreversible 
foulants. As explained by Yamamura et al. (2007), Ca2+ could still stay in the 
membrane structure after hydraulic cleaning due to the formation of complex 
between calcium and organic matters.  
In short, above 86% of the foulants could be hydraulically removed, and the 
rest of the foulants could mostly be removed by chemical cleaning. 
Hydraulically reversible foulants mainly included: i) organic particles and 
biopolymers, as well as inorganic particles (clay-l
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organics mainly retained by the fouling layer; and iii) multivalent cations. 
Hydraulically irreversible foulants were mainly attributed to: i) organics with 
smaller size and higher hydrophobicity, specifically LMW neutrals and 
building blocks; ii) inorganic colloids; and iii) calcium.    
5.4 Assessment of Hollow Fiber UF Fouling Performance  
To quantify and compare the fouling performance of hollow fiber membrane 
system fed by different SEFs, the UFIs described in Section 3.6 were used to 
assess the extent of fouling. The UFIs includes TFI600, HIFI and CIFI, which 
represent the overall fouling, hydraulically irreversible fouling and chemically 
irreversible fouling, respectively. A total of 33 different SEFs collected from 
both domestic and industrial wastewater treatment plants (WWTPs) were 
sequentially fed into the lab-scale hollow fiber UF system, and their TFI600, 
HIFI and CIFI values were calculated and summarized in Fig. 5.11.  
5.4.1 Values of UFIs 
From Fig. 5.11, it can be seen that the TFI600, HIFI and CIFI values for each 
filtration run fed by different SEFs varied significantly, suggesting that these 
UFIs were specific to water with different characteristics. Filtration Run 1 and 
2 fed by industrial SEFs displayed high values of TFI600, HIFI and CIFI, 
indicating that severe total, hydraulically and chemically irreversible fouling 
occurred. Filtration Runs from 3 to 33 were fed by domestic SEFs and 
relatively lower TFI600, HIFI and CIFI values were obtained, indicating that 
less membrane fouling took place. Furthermore, the trend of TFI600 changing 
with characteristics of SEFs generally agreed with the trend of fouling rate in 
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the flat sheet system as shown in Section 4.2. Herein, it is worth noticing that 
the values of TFI600 for Filtration Runs 20 − 27 were higher than that for the 
rest of domestic filtration runs, because the feedwaters for these filtration runs 
was collected from a different WWTP, which effluents were found to have 
higher concentration of biopolymers. These results have provided evidence 
that these UFIs could represent the overall fouling performance in a concise 
and quantitative manner.  
Figure 5.11 further shows that the TFI600, HIFI and CIFI independently 
represented the increasing rate of total fouling, hydraulically irreversible 
fouling and chemically irreversible fouling, respectively. For example, 
Filtration Run 2 displayed high TFI600 and HIFI values but a relatively low 
CIFI value. This indicates that the hydraulic reversibility of this fouling was 
low, but the chemical reversibility was high. In contrast, Filtration Run 11 
exhibited low values of TFI600 and HIFI but a high value of CIFI, suggesting 
that although total and hydraulically irreversible fouling were insignificant, the 
foulants were difficult to be removed by chemical cleaning. These results 
reveal that the differences in hydraulic and chemical reversibility could be 
interpreted and distinguished by UFIs values. As proposed by Huang et al. 
(2009), the concept of UFIs allowed the quantitative assessment of overall 
membrane fouling behavior and fouling reversibility. Therefore, the UFIs 
could be a reliable tool to quantitatively assess the reversible and irreversible 
fouling occurring in the hollow fiber membrane system. 
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Figure 5.11. Variations of the TFI600, HIFI and CIFI for fouling runs fed by different SEFs. 
 
5.4.2 Ratio between UFIs 
The distribution of hydraulically and chemically irreversible fouling was 
investigated by calculating the fouling index ratios (HIFI/TFI and CIFI/TFI) 
for these fouling runs. The average values of HIFI/TFI and CIFI/TFI were 
found to be 0.01 and 1.11E-5, respectively, showing that hydraulically 
reversible fouling by backwash and air scouring accounted for around 99% of 
the overall fouling, while chemically irreversible fouling was extremely 
limited as compared to the overall fouling. These results were in line with the 
results of foulants analysis shown in Section 5.3.1. Nguyen et al. (2011) also 
reported that more than 70% of the total fouling could be reversed by 
hydraulic backwash, and more than 93% of the total fouling could be removed 
by backwash and subsequent chemical cleaning.  
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These observations indicate that hydraulic reversibility of the foulants was 
significantly high, and the effect of backwash and air scouring on mitigating 
fouling in this hollow fiber UF system was obvious. The permeability of 
fouled membrane could be recovered by physical and chemical cleaning to a 
large extent. Nguyen et al. (2011) proposed that the HIFI/TFI and CIFI/TFI 
ratios could reliably be used to explain the fouling nature, which was 
supported by the observation that these fouling index rations were very similar 
for bench and full-scale systems fed by the same water. In their study, the 
values of HIFI/TFI were found to range from 0.05 − 0.81, which were much 
higher than the values in this study. This high ratio of HIFI/TFI might be due 
to the different fouling nature of the water source, high operating flux and 
limited efficiency of fouling mitigating strategies. In their study, a flux of 68 
LMH was operated, which led to a more compact and less reversible fouling 
layer. Their backwash interval was as long as 30 min, and no air souring was 
conducted, which would undermine the efficiency of removing hydraulically 
reversible fouling. In this study, a lower flux of 40 LMH was used, backwash 
interval was shortened to 10 min. Air souring was performed during the initial 
and final 30 s of filtration period as well as the whole backwash period. These 
strategies led to a lower value of HIFI/TFI ratio. Thus, the ratio of HIFI/TFI 
and CIFI/TFI could be used to interpret the reversibility of the fouling.  
5.4.3 Correlation between UFIs 
The correlation between the TFI, HIFI, and CIFI were investigated by the 
Pearson correlation test (IBM SPSS Statistics 19) as shown in Table 5.5. The 
value of Pearson correlation indicates the strength and the direction (negative 
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or positive) of the correlation and the larger the value, the stronger the 
correlation. The value of Sig. (2-tailed) suggests the significance value of each 
correlation in the matrix. When the value is smaller than 0.05, the correlation 
is reliable. From Table 5.5, it is found that the value of Pearson correlation for 
the pair of TFI and HIFI was as high as 0.722, with a small significance value 
of 0.000. This suggests that the TFI was strongly correlated with the HIFI in a 
positive direction, which implies that the development of total fouling 
performance might largely depend on the accumulation of hydraulically 
irreversible fouling.  
Table 5.5. The correlation matrix of the TFI, HIFI and CIFI. 
  TFI HIFI CIFI 
TFI 




N 33 33 33 
HIFI 
Pearson correlation 0.722** 1 0.362* 
Sig. (2-tailed) <0.001 
− 
0.033 
N 33 33 33 
CIFI 
Pearson correlation 0.511* 0.362* 1 
Sig. (2-tailed) 0.002 0.033 
− 
N 33 33 33 
**: Correlation is significant at the 0.01 level (2-tailed). 
*:   Correlation is significant at the 0.05 level (2-tailed). 
 
 
The value of Pearson correlation for the pair of TFI and CIFI was 0.511, with 
a small significance value of 0.002, which indicates that the correlation 
between the TFI and CIFI was weaker than that between the TFI and HIFI. 
This suggests that chemical irreversible fouling might play a subordinate role 
in the total fouling, which has been proven in Section 5.3. The accumulation 
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of chemical irreversible foulants was hardly detected due to the high 
efficiency of chemical cleaning.  
Lastly, the value of Pearson correlation for the HIFI and CIFI pair equalled to 
0.362, with a small significance value of 0.033. This indicates that the 
correlation between the HIFI and CIFI was not significant, which suggests that 
the development of these two sorts of fouling were based on different 
mechanisms. It is widely recognized that hydraulically and chemically 
irreversible fouling is mainly caused by tight attachment of foulants to the 
membrane surface and trapping/adsorption into the membrane, respectively.  
5.5 Effects of SEFs Characteristics on Fouling Performance  
Based on the results above, particles, biopolymers, humics, small organics, 
inorganic colloids and calcium were found to contribute to fouling. However, 
the influence of these foulants brought by feedwater on fouling development 
has yet to be quantified. The factors, selected to represent the major foulants in 
SEFs, were classified into four groups: i) number of bacteria; ii) particles, such 
as turbidity; iii) dissolved organics, such as biopolymers, humics, HOC and 
small organics; and iv) inorganic matters, such as inorganic colloids, calcium 
and conductivity. The effect of these parameters on fouling developments was 
investigated accordingly.  
5.5.1 Effect of Bacteria on Mass Accumulation 
To investigate the effect of biological activities on fouling, a comparison study 
of UF fouling behavior with and without dosing disinfectant in domestic SEFs 
was conducted. Monochloramine was selected as disinfectant due to its low 
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formation of by-product compared with chlorine (Hua et al., 2007; Lee et al., 
2009). The dosage and contact time of monochloramine were determined, and 
then fouling runs with and without it were carried out.  
5.5.1.1 Determining the Dosage and Contact Time of Disinfectant 
Various doses of monochloramine were applied to domestic SEFs with 
different contact time. The residual monochloramine, HPC counts and 
organics characteristics were measured. Figure 5.12 shows the concentration 
of residual monochloramine with different dosages of monochloramine 
(ranging from 5 to 30 mg/L) at contact time of 30 min, 12 h and 24 h. The 
concentration of residual monochloramine linearly increased with the dosage 
of monochloramine, indicating that the breakpoint for the disinfection process 
by monochloramine might be lower than 5 mg/L. The concentration of 
residual monochloramine was slightly reduced with a longer contact time, 
which suggests that the contact time should be short to avoid the loss of 
effective monochloramine. 
 
Figure 5.12. Residual monochloramine versus monochloramine dosage at contact time of 30 
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The HPC counts of SEFs with various dosages of monochloramine at different 
contact time were measured and shown in Fig. 5.13. It was found that with a 
minimal monochloramine dosage of 5 mg/L and after a contact time of 30 min, 
the HPC counts of SEFs decreased from 7.8E+04 to 1E+02 cfu/mL. The HPC 
counts did not decrease further when the dose of monochloramine was 
increased from 5 to 30 mg/L with a same contact time of 30 min. It was also 
found that with a monochloramine dosage of 5 mg/L, the HPC counts 
decreased with increasing contact time. With a monochloramine dosage of 10, 
20 and 30 mg/L after a contact time of 12 and 24 h, HPC counts decreased 
below the detection limit. This indicates that HPC counts significantly 
decreased with increasing contact time, but not the increasing disinfectant 
concentration. These results suggest that monochloramine with a dose ranging 
from 5 to 30 mg/L can effectively inhibit the activity of bacteria in SEFs, with 
3 logs removal after a contact time of 30 min and 4 logs removal after a 
contact time of 12 h. Based on the above results, in order to fulfill a high 
disinfection efficiency with a small dose and short contact time, the 
monochloramines dose was set at 10 mg/L with a contact time of 12 h. 
 
Figure 5.13. Residual HPC versus monochloramines dosage at contact time of 30 min, 12 h 
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Thereafter, the effect of monochloramine on organic characteristics in SEFs 
was investigated by comparing the LC-OCD results of SEFs without and with 
monochloramine dosage of 10 mg/L and a contact time of 12 h. Figure 5.14 
shows that the distribution and concentration of biopolymers, humics and 
building blocks with and without disinfectant were similar, indicating that 
these organics could not be oxidized by monochloramine. However, the peak 
of LMW neutrals appeared to slightly increase after the disinfection, and the 
concentration of LMW neutrals increased from 1.44 to 1.50 mg/L. It was 
probably caused by the lysis of bacteria or the formation of disinfection by-
products. Thus the organic characteristics relevant to foulants remained the 
same after dosing the monochloramine of 10 mg/L at a contact time of 12 h.  
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5.5.1.2 Effect of Bacteria on Fouling Development 
SEFs and SEFs with a monochloramine dose of 10 mg/L at a contact time of 
12 h were sequentially fed to the UF system. It was found that the average 
HPC counts of SEFs and SEFs with monochloramine were 5.2E+04 and 
smaller than 1E+01 cfu/mL, respectively. This indicates that the total number 
of bacteria decreased significantly, and the activity of bacteria was inhibited 
by disinfection.  
As shown in Table 5.6, UFIs were used to assess the fouling performance of 
filtration runs fed by these two feeds. It can be seen that the TFI and CIFI 
values of these two fouling runs were quite close, indicating that total and 
chemically irreversible fouling were not influenced by the activity of bacteria. 
Interestingly, it is found that the HIFI value of the SEF system was 
significantly higher than that of the SEF with monochloramine system, which 
reveals that hydraulically irreversible fouling was more severe when the 
bacteria number of the feedwater was high. Similarly, Friedler et al., (2008) 
observed a decrease of 33% for fouling rate when applying chlorine to feed 
water of the UF filtration, provided with the explanation of a significant 
reduction of microorganisms in the feed and a decreasing biofouling rate in the 
UF system.  
Table 5.6. UFIs for fouling runs with and without disinfection. 
Feedwater TFI HIFI CIFI 
 
m2/L m2/L m2/L 
SEF 0.58 0.0013 1E-05 
SEF + Monochloramine 0.57 0.0003 1E-05 
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To further explain the effect of disinfection on fouling, the characteristics of 
feed, bulk solution and foulants on the membrane for the SEF run were 
compared with those of the SEF with monochloramine at the end of filtration 
runs. As shown in Fig. 5.15, it can be seen that for the feedwater, the water 
quality parameters, except for the HPC, changed to a subtle extent after dosing 
the monochloramine. This is in accordance with the observations discussed in 
the previous section, and could partially explain the similar TFI values for 
these two scenarios. For the bulk solution, the difference between the SEF and 
the SEF with monochloramine was more significant. For the SEF, the HPC 
was lower, the accumulation of turbidity and biopolymers was less significant, 
but the concentration of small organics in the feed and bulk solution was 
higher with dosing of monochloramine. The exposure to monochloramine 
could have destroyed the cell wall. Thus, the decrease of turbidity and 
biopolymers could be explained by the lysis of bacterial cell, whilst increase 
of HOC and small organics in the feed and bulk solution might be caused by 
the release of biological by-products from cells (Le-Clech et al., 2006).  
Lastly, the foulants on the membrane in the SEF with monochloramine system 
contained lesser bacteria, turbidity, biopolymers and LMW organics than that 
in the SEF system, indicating that the growth of biofouling and deposition of 
organic fouling on membrane surface were effectively inhibited by the dosing 
of monochloramine, which might be the reason of the lower HIFI. It is 
believed that the activity of bacteria on the fouling layer can reinforce the 
adhesion of particles and organics to the membrane by releasing EPS (Meng et 
al., 2009), which can lead to the fouling layer to be more hydraulically 
irreversible. Thus, the number of bacteria would largely impact the 
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hydraulically irreversible fouling. To eliminate the effect of bacteria on the 
HIFI, feedwater disinfection is required. The dose of chlorine or hydrogen 
peroxide could also be effective at eliminating biological fouling (Byrne, 
1995).     
Figure 5.15. The characteristics of feedwater, bulk solution and foulant on the membrane in 
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5.5.2 Effects of Water Quality Parameters on UFIs 
Eight feedwater quality parameters and UFIs of a total of 33 filtration runs as 
mentioned in Section 5.4 were analyzed and summarized. The effects of feed 
water quality parameters on UFIs were investigated by using reverse fractional 
factorial analysis. This method has been used to analyze the impact of multi-
level factors on response (Box et al., 1978). Eight water quality parameters 
were grouped into two categories: (i) Organic parameters, including turbidity 
(x1), hydrophobic organics (x2), biopolymer (x3), humics (x4) and low 
molecular weight organics (x5); (ii) Inorganic parameters, including 
magnesium (x6), calcium (x7) and conductivity (x8). Figures 5.16 and 5.17 
show the effects of water quality parameters from group (i) and (ii) on UFIs, 
respectively. 
5.5.2.1 Effect of Particles on UFIs 
From Fig. 5.16, the effect of turbidity on the TFI, HIFI and CIFI was found to 
be positive, which indicates that the high turbidity of feedwater led to an 
increase in total, hydraulically and chemically irreversible fouling. Clearly, the 
increasing effect of turbidity on the TFI could be explained by a higher 
turbidity in feed that would bring larger number of particles to the membrane 
surface and lead to greater accumulation of foulants on the membrane surface.  
The increasing effect of turbidity on the HIFI was found to be the most 
significant among all the water quality parameters, with a value of 7.69E-4. 
Similarly, Ngyuen et al. (2011) also observed that the HIFI of a pilot system 
was smaller when the feedwater displayed lower turbidity. This indicates that 
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particles might dominate the development of hydraulically irreversible fouling. 
However, it is contradictory to previous results revealing that particles rarely 
contributed to hydraulically irreversible foulants. To explain that, a hypothesis 
was proposed: the effect of particles on the HIFI was due to the formation of a 





Figure 5.16. Effect plot of water quality parameters from group (i) on UFIs. 
To prove this hypothesis, two filtration runs fed by SEFs with different 
particle concentration but similar organic and inorganic concentrations were 
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the filtration run fed with SEFs having higher turbidity (3.42 NTU) was 
proximately three times higher than that with lower turbidity (1.44 NTU), 
which proved that high turbidity led to low hydraulically reversibility of 
fouling. Furthermore, the specific resistance of fouling layer (α) was 
calculated using Eq. 5.1 (Foley, 2006). 
,   \K#                                              (5.1) 
where α is the specific fouling layer resistance per unit dry weight of foulants 
(m/kg), Rf is the resistance of fouling layer (m-1), cf  is the foulant 
concentration (kg/m3), V is the permeate volume (m3) and A is the membrane 
are (m3). Herein, Rf  was calculated by the different of resistance of fouled 
membrane and fresh membrane, which were measured by the method 
described in Section 3.3. cf was the sum of total suspended solids and 
dissolved organics concentration.   
Table 5.7. Characteristics of feedwater and irreversible fouling for two filtration runs fed by 
SEFs with different particle concentration. 
Filtration runs 1 2 
Feedwater characteristics 
Turbidity (NTU) 3.42 1.44 
DOC (mg/L) 6.31 6.48 
Biopolymers (mg/L) 0.74 0.77 
Humics (mg/L) 1.84 1.91 
LMW organics (mg/L) 2.34 2.32 
Conductivity (ms/m) 54 55 
Calcium (mg/L) 17.1 18.1 
Magnesium (mg/L) 1.0 1.3 
HIFI (m2/L) 0.0026 0.0008 
α (m/kg)  1.1E+14 3.39E+13 
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The obtained α for the filtration runs fed by higher turbidity SEF was with 
higher value than that by lower turbidity SEF (Table 5.7), indicating the higher 
turbidity of feedwater resulted in a more compact fouling layer. These values 
are comparable to the specific fouling resistance of the fouling layer formed 
during UF filtering of treated domestic wastewater (Lodge et al., 2004). The 
fouling layer was compressed more greatly due to a stronger drag force 
provided by the rapidly increasing TMP when turbidity of the feedwater was 
higher. This fouling layer was more difficult to be removed by in-situ fouling 
mitigating approach and became more irreversible. Similarly, such effect of 
operating pressure on fouling reversibility has also been explained by previous 
studies (Foley, 2006; Zheng et al., 2010). Thus, particles have a significantly 
positive effect on the HIFI.  
The increasing effect of turbidity on the CIFI was also observed. Although 
particles did not contribute to chemical irreversible foulants, their effect on the 
CIFI could be explained by their impact on the increasing pressure exerted on 
the membrane as discussed above. Under the higher TMP, the adhesive 
interaction between chemically irreversible foulants and membrane could be 
reinforced, leading to a higher CIFI value. 
5.5.2.2 Effect of Organic Constituents on UFIs 
From Fig. 5.16, it can be seen that the effect of biopolymers on UFIs was 
positive and significant, indicating that a high biopolymers concentration of 
feedwater could lead to a drastic increase in total, hydraulically and 
chemically irreversible fouling. The effect of biopolymers on the TFI was 
found to be the most significant among that of other fractions, with a value of 
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0.34. This indicates that biopolymers were the controlling fraction for the 
overall fouling. As shown in Sections 5.1 and 5.3, around 46% of biopolymers 
were rejected by the membrane as well as the cake layer, and these rejected 
biopolymers contributed substantially to the extracted hydraulically reversible 
foulants. These observations could provide the evidence for increasing effect 
of biopolymers on the TFI. Additionally, the effect of biopolymers on the HIFI 
could be explained by the contribution of biopolymers to hydraulically 
irreversible fouling when the fouling layer was highly compact. It could be 
partially supported by the observation in Section 5.3 that biopolymers existed 
in the hydraulically irreversible foulants.  
In addition, the increasing effect of biopolymers on CIFI is also observed, 
which could not be explained by their small contributions to chemically 
irreversible fouling. Similar to the effect of turbidity on CIFI, the impact of 
biopolymers might be caused by their indirect effect on the pressure exerted 
on the membrane.To justify this hypothesis, the CIFI and specific resistance of 
fouling layer (α) obtained from two filtration runs fed by SEFs with different 
biopolymers concentrations but similar other components are compared in 
Table 5.8. Clearly, the filtration run fed by the SEF with higher biopolymers 
displayed a higher CIFI value and a larger specific resistance of fouling layer, 
suggesting the fouling layer underwent greater compression and became less 
chemically reversible.  
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Table 5.8. Characteristics of feedwater and irreversible fouling for two filtration runs fed by 
SEFs with different biopolymers concentration. 
Filtration runs 1 2 
Feed characteristics 
Biopolymers (mg/L) 0.37 0.77 
Turbidity (NTU) 1.55 1.48 
DOC (mg/L) 6.25 6.35 
Humics (mg/L) 2.03 1.98 
LMW organics (mg/L) 2.37 2.32 
Conductivity (ms/m) 54 55 
Calcium (mg/L) 18.8 18.1 
Magnesium (mg/L) 1.1 1.3 
CIFI (m2/L) 2E-09 2.00E-06 
α (m/kg)  1.56E+13 3.39E+13 
 
Figure 5.16 also shows that the effect of LMW organics on the TFI and CIFI 
was significantly positive. This could be explained by the previous 
observation in Section 5.3 that LMW organics contributed substantially to 
both the extracted hydraulically reversible and irreversible foulants. The LMW 
organics could be incorporated into the fouling layer via the interaction with 
biopolymers, and enter the membrane structure via the interaction with 
membrane material. Although their rejection was subtle comparing to that of 
particles and biopolymers, their continuous accumulation on the cake layer 
and in the membrane structure would lead to an obvious effect of them on 
fouling development.  
5.5.2.3 Effect of Inorganic Constituents on UFIs 
Figure 5.17 shows that the effects of conductivity on the TFI, HIFI and CIFI 
were significantly positive. This indicates that conductivity of feed solution 
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largely influence the development of total, hydraulically and chemically 
irreversible fouling. As observed in Section 4.4, high conductivity would lead 
to a high fouling rate of flat sheet UF system due to a reduction in electrostatic 
repulsion between foulant and foulant as well as between foulants and 
membrane. Yuan et al. (1999) also proposed that high salinity would enhance 
the interaction between fouling layer and membrane as well as the adsorption 
of small organics to the membrane. Thus it is reasonable to propose that high 
conductivity of feedwater would lead to an increase in hydraulically and 
chemically irreversible foulant, and consequently total fouling.  
The effect of magnesium on the TFI, HIFI and CIFI were positive. The 
increasing effect of magnesium on UFIs could be explained by the reducing 
electrostatic double layer thickness of both the membrane surface and organic-
particle colloids.  
Interestingly, the effect of calcium on the TFI, HIFI and CIFI was found to be 
slightly negative. This slightly negative effect of calcium on UFIs could be 
explained by the aggregation of organics due to the complexation of calcium 
with acidic groups of organic matters, especially carboxyl groups. It has been 
reported that calcium interacted stronger with acidic functional groups than 
with other divalent ions, such as magnesium (Ahn et al., 2008). This could 




Chapter 5                                             Identification of Reversible and Irreversible Foulants in 








Figure 5.17 Effect plot of water quality parameters from group (ii) on UFIs. 
 
5.5.2.4 Mutual Effect of water quality parameters on UFIs 
Figure 5.16 shows that the mutual effects of biopolymers and LMW organics 
on the TFI, HIFI and CIFI were significantly positive, which indicates that the 
effect of biopolymers and LMW organics would influence each other, as 
biopolymers and LMW organics interact via the hydrogen bonding between 
their carboxyl groups and van der Waals forces between aromatic and 
aliphatic carbon structures. These forces would hold the structure of fouling 
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which revealed that the LMW organics could be rejected by the cake layer that 
acted as second membrane with less permeability than the membrane itself.  
Figure 5.17 shows that mutual effects of conductivity and magnesium on the 
TFI, HIFI and CIFI were positive. This suggests that the effects of these two 
parameters on UFIs might be due to the same mechanism, which was the 
reducing electrostatic repulsion force between foulant and foulant as well as 
foulants and membrane.  
In summary, the effects of particles and organics on UFIs were listed below, 
ordered from highest to lowest. 
TFI600: Biopolymers > Biopolymers/LMW organics > LMW organics 
HIFI: Turbidity > Biopolymers > Biopolymer/LMW organics 
CIFI: Biopolymers/LMW organics > LMW organics > Turbidity 
The effects of conductivity and magnesium on UFIs were significantly 
positive, while the effect of calcium on UFIs was weakly negative. These 
parameters, including turbidity, biopolymers, LMW organics, conductivity 
and magnesium, could be the major fouling-controlling parameters. 
Performing pre-treatment to remove these components might be a suitable 
strategy for mitigating fouling.  
5.6 Proposed Fouling Mechanism in Hollow Fiber UF System 
Based on the above results and discussions, the process of fouling evolution in 
this hollow fiber UF system could be explained as follows. On the one hand, 
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organic and inorganic particles as well as biopolymers were rejected by size 
exclusion and accumulated on the membrane surface under the permeate drag 
force. Some LMW organics could further be retained by the cake layer due to 
their interaction with biopolymers. This led to the formation of a 
heterogeneous cake layer, which included organic particles, bacteria, 
biopolymers and inorganic clay material with Al, Si and Ca. The structure of 
the cake layer was reinforced by the interaction between particles, organics 
and multivalent ions. On the other hand, the activity of bacteria could also 
reinforce the adhesion between foulants as well as fouling layer and 
membrane due to the release of biological by-products. These would lead to a 
more compact and sticky cake layer. The formed cake layer, mainly 
contributing to hydraulically reversible fouling, could be largely removed by 
in-situ physical cleaning during the filtration process.  
Meanwhile, humics and LMW organics with small molecular weight and 
relatively higher hydrophobicity might tightly adhere to the clean membrane 
via hydrophobic interaction or electrostatic force. Additionally, these 
components might act as the bridge of biopolymers and membrane surface, 
causing organic complexation attached onto the membrane. These organics 
might also form complexes with calcium and magnesium, in a small amount. 
These foulants, contributing to hydraulically irreversible fouling, could not be 
removed by the in-situ physical cleaning, and continuously grow over the 
filtration process.  
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In this chapter, various domestic and industrial SEFs were filtered by hollow 
fiber UF membrane to investigate the property of reversible and irreversible 
fouling. The observed high removal of particles and low removal of dissolved 
organic matters was similar to that of the flat sheet UF system. The removal of 
biopolymers (average 40%) and inorganic colloids (average 38%) was 
significant due to size exclusion. The removal efficiencies of humics, HOC, 
building blocks and LMW neutrals were low, ranging from 3 to 8%. The 
removal of these small organics proved to be mainly caused by cake layer 
retaining.  
The concentrations of biopolymers and inorganic colloids in the permeate 
were found to be stable, whilst the concentration of small organics fluctuated. 
Increasing rejection of biopolymers did not occur due to periodic removal of 
the cake layer by backwashing together with air scouring. Particles, 
biopolymers and inorganic colloids were found to significantly accumulate in 
the reactor, whilst the small organics subtly accumulated. The distribution of 
foulants in the bulk solution and on the membrane reveals that building blocks 
and LMW neutrals were more likely to interact with the fouling layer and stay 
on the membrane, rather than transport back into the bulk solution; while 
biopolymers, inorganic colloids and calcium had higher hydraulic reversibility. 
Foulant analysis revealed that above 86% of foulants could be hydraulically 
removed, and almost all the rest of the foulants could be removed by 
subsequent chemical cleaning. Hydraulically reversible foulants were mainly 
attributed to organic particles, biopolymers and inorganic particles/colloids 
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(poly hydroxides or oxide hydrates of Al, Si and Ca) due to sieving effect. 
They were also attributed to the small organics and calcium due to cake layer 
retaining and formation of organic-ion complex, respectively. Hydraulically 
irreversible foulants were mainly attributed to organics with smaller size and 
higher hydrophobicity, including building blocks and LMW neutrals, due to 
pore blocking and adsorption. These foulants were also partially attributed to 
biopolymers and inorganic colloids because the complex formed by them and 
small organics could tightly adhere to membrane surface. These results 
provide important insight in fouling mechanism in hollow fiber UF system. 
The total, hydraulically and chemically irreversible forms of fouling were 
quantitatively assessed by the TFI, HIFI and CIFI, respectively. The values of 
these UFIs were specific to different water samples, and could be correlated to 
the actual fouling behaviour. The ratio of HIFI/TFI and CIFI/TFI could be 
used to interpret the reversibility of the fouling. Thus, the UFIs could be a 
reliable and useful tool to interpret reversible and irreversible fouling of water 
samples and quantitatively assess fouling performance of long-term operating 
UF system.   
The effect of water quality on reversible and irreversible fouling was 
investigated. The effect of bacteria on UFIs was firstly studied. It was found 
that the TFI for the filtration run with disinfection was similar to that without 
disinfection, but the HIFI decreased by 70%. This indicates that the activity of 
bacteria aggravated the development of hydraulically irreversible fouling, 
which could be explained by the enhanced interaction between fouling layer 
and membrane surface via EPS excreted during bacteria activities. 
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Additionally, the effects of organic and inorganic constituents on UFIs were 
studied by using the analysis of reverse experimental design. Among all the 
tested parameters, the TFI and CIFI were found to be mostly influenced by 
biopolymers, while the HIFI was mostly impacted by turbidity. The mutual 
effect of biopolymers and LMW organics on UFIs was also significant. 
Moreover, the increasing effect of conductivity and magnesium on UFIs was 
obvious. These parameters could be the fouling-controlling parameters, thus 
performing a pre-treatment to remove these components might be a suitable 
strategy for mitigating fouling. These parameters could be the crucial 
parameters influencing total and reversible fouling development, and therefore, 










Chapter 6  
FOULING INDEX AND FOULING PREDICTING 
APPROACH TO EVALUATE UF PROCESS APPLIED ON 
SECONDARY EFFLUENTS 
Fouling index (FI) to evaluate fouling propensity of feedwater is an important 
parameter for UF design and operation. However, traditional fouling indices 
are not applicable in predicting fouling propensity of UF feedwater. As 
discussed in Section 2.5, most of the traditional fouling indices are applied to 
measure water with low fouling potential, especially feedwater for RO. In 
addition, a few fouling indices have been developed especially for UF 
feedwater, but they were reported to be time-consuming and lacking of a 
standardized method. Validation of fouling index in large-scale unit also has to 
be further investigated before field application. Being aware of the above-
mentioned research gaps, the main objectives of this chapter are to (i) raise 
operating pressures of existing FI tests to improve their stability and establish 
a modified FI, (ii) investigate the effects of UF feedwater characteristics on 
the established FI, (iii) validate the built FI in lab-scale and pilot-scale UF 
membrane units, and (iv) explore the practical use of the established FI.  
6.1 Feasibility of Increasing Applied Pressure of FI Test 
6.1.1 Determine of FI Value 
The plots of t/V versus V of FI tests on SEF under 30 and 40 psi are shown in 
Fig. 6.1. Similar trends of t/V increasing with V were observed for FI tests 
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under these two different operating pressures. During the first 5 min, the t/V 
increased gently with V. In the following period till the end of the test (15 
min), t/V linearly increased with V at a much more rapid and stable rate. FI 
value was then defined as the slope of this linear curve of t/V versus V on the 
basis of cake filtration theory. According to Boerlage et al. (2003), filtration 
process of FI test is initially the occurrence of pore blocking (the first 5 min), 
followed by cake filtration with compression of the cake layer (the rest 10 
min). Similar filtration curves observed at 30 and 40 psi suggested the 
occurring of similar filtration mechanisms at these two pressure levels. 
 
Figure 6.1. Ratio of filtration time and filtered sample volume (t/V) as a function of the total 
filtered volume (V) in FI test. 
 
Subsequently, ten FI tests for one SEF were repeated under both operating 
pressures of 30 and 40 psi. Figure 6.2 shows that FI values at 30 psi ranged 
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values at 40 psi ranged from 10,019 to 13,121 s/L2, with an average value of 
11,716 s/L2. The average FI value obtained at 40 psi was lower than that 
obtained at 30 psi. Low fouling index at low operating pressure was also 
observed by Sim et al. (2011), where the explanation of cake compression 
effect was provided. By combining Eq. 3.11 and 3.12, the FI was reformatted 
and represented as follows:. 
FI  η_/x ∆P                                                   (6.1) 
Equation 6.1 depicts that the FI values would decrease with ∆P increase when 
the compressibility ω is between 0 and 1, depending on how much the cake 
layer could be compressible. The compressibility of the cake layer is 
influenced by the characteristics of the components in water sample. The 
relevant components in SEFs mainly included particles and colloids with 
multi-sizes that can be easily deformed under high pressure. Medium 
compressibility with ω value of 0.6 was proposed for the foulants in SEFs by 
Roorda et al. (2005). Thus, FI values obtained at different pressures need to be 
corrected to the same pressure for comparison purpose. In this study, FI value 
obtained at 40 psi was corrected to be 13,145 s/L2 at 30 psi with ω=0.6. This 
value was closer to the tested FI value obtained at 30 psi (14,769 s/L2) with a 
slight difference of 10%. The above results indicate that the FI values 
measured at 30 and 40 psi were rather similar when corrected to the same 
pressure. 
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Figure 6.2. Repeated FI measurements of SEF under 30 and 40 psi. 
 
6.1.2 Improvement of Repeatability for Fouling Index Test 
Figure 6.2 also shows that the standard deviation of FI values at 40 psi (1,156 
s/L2) was lower than that at 30 psi (3,676 s/L2) over the 10 repeating tests, 
which indicates that FI tests at 40 psi were more reproducible and stable. 
Alhadidi et al. (2011) suggested that during fouling index test dominated by 
cake formation process, a more stable filtration process might occur due to a 
more stable cake layer. Under higher pressure, a more stable structure of cake 
was formed when more foulants were brought to the surface of filter paper by 
a larger driving force, leading to the formation of a denser cake layer and an 
increase in the specific cake resistance (Sim et al., 2011). In order to verify the 
above explanation, cake resistivity (I) at 30 and 40 psi were calculated using 
Eq. 6.2 that was obtained by rearranging Eq. 3.11. 
      e  /∆#  de                                              (6.2) 
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It was found that the average I at 40 psi (2.3E13 m-2) was higher than that at 
30 psi (2.1E13 m-2), which is similar to the results reported by Boerlage et al. 
(2003). Alternatively, by combining Eq. 3.11 and 3.12, the cake resistivity 
could also be expressed as Eq. 6.3. 
e  ,5∆%                                          (6.3) 
As previously discussed, ω is between 0 than 1 for SEFs in this study. Thus, it 
could be deduced that I would increase with operating pressure according to 
Eq. 6.3. Similar explanation was also proposed by Sim et al. (2011).  
Therefore, increasing operating pressure can improve the stability and 
repeatability of the FI test due to increasing cake resistivity and the formation 
of a more stable cake structure. 
6.2 Influence of UF Feedwater Characteristics on FI 
In order to investigate the influence of UF feedwater characteristics on the FI 
at 40 psi, eight water quality parameters were chosen for analysis based on the 
results of major foulants shown in Chapter 4 and 5. These eight parameters 
were turbidity, DOC, biopolymers, humics, LMW organics (sum of building 
blocks and LMW neutrals), calcium, magnesium and conductivity. These 
parameters and FI values of 42 SEFs samples were measured. FI test was 
conducted in triplicate for each water sample. The average error of repeating 
tests was found to be 5.8%, which is comparable to the result (around 6%) 
reported by Boerlage et al. (2003). This indicates that the FI test was relatively 
stable and reliable. 
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6.2.1 Selection of Most Important Water Quality Parameters for FI 
6.2.1.1 Independence of Fouling-relevant Water Quality Parameters 
In order to avoid the co-correlation of selected water quality parameters, the 
dependency between these parameters was firstly investigated by calculating 
the correlation coefficient for every pair of parameters. Table 6.1 shows the 
result of the correlation analysis for the eight tested parameters. According to 
statistic explanation for the matrix, two parameters are significantly correlated 
when the correlation coefficient is larger than 0.6. The larger the coefficient is, 
the more significantly these two parameters interacted. A positive value of the 
coefficient indicates a positive correlation between two parameters, while a 
negative value indicates a negative correlation. For the tested organic 
parameters, it can be observed from Table 6.1 that correlation coefficients for 
turbidity/DOC and turbidity/biopolymers were 0.68 and 0.19 respectively. 
This indicates that turbidity and DOC were significantly correlated, but 
turbidity and biopolymers were almost independent of each other. Meanwhile, 
turbidity and DOC were found to be significantly correlated with humics and 
LMW organics. Thus, turbidity and biopolymers were selected as independent 
parameters to represent particles and organic foulants.  
For the inorganic parameters, correlation coefficients for calcium/turbidity, 
calcium/biopolymers, magnesium/turbidity and magnesium/biopolymers were 
found to be 0.58, -0.05, 0.21 and -0.29, respectively (Table 6.1). This indicates 
that calcium and magnesium were relatively independent to turbidity and 
biopolymers. Moreover, correlation coefficients for the conductivity/turbidity 
and conductivity/biopolymers were found to be 0.22 and 0.15, respectively, 
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which suggests that conductivity was independent of turbidity and 
biopolymers. Thus, turbidity, biopolymers, calcium, magnesium and 
conductivity were relatively independent of each other.  
Table 6.1. Correlation matrix of water quality parameters. 
 




 Mg2+ Conductivity 
Turbidity 1 
     
 
 
DOC 0.68 1 
    
 
 
Biopolymers 0.19 0.53 1 
   
 
 





organics 0.72 0.98 0.50 0.79 1    
Ca2+ 0.58 0.80 -0.05 0.59 0.49 1  
 
Mg2+ 0.21 0.72 -0.29 0.90 0.80 0.51 1 
 
Conductivity 0.22 0.37 0.15 -0.04 0.25 0.20 -0.133 1 
 
6.2.1.2 Importance of the Independent Water Quality Parameters 
Significance of these five independent parameters was compared to determine 
the most important ones relevant to FI. This was performed by utilizing a 
multi-level factorial analysis, which was used to analyze the impact of multi-
level factors on response by Ng et al. (2010). Importance for these five 
independent water quality parameters is shown in Fig. 6.3. Parameter with 
larger importance is supposed to play a more dominant impact on the response, 
specifically FI in this study. From Fig. 6.3, the most significant parameter was 
found to be conductivity, followed by turbidity and biopolymers, while 
calcium and magnesium were relatively irrelevant to the FI.  
The observed significant effect of conductivity on FI values has occasionally 
been reported. Boerlage et al. (2003) found that the FI value increased with 
salinity, but it started to drop at NaCl concentration of 0.1 M. Similarly, Sim et 
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al. (2010) reported their FI value increased as the NaCl concentration was 
increased, but it also started to decrease when NaCl concentration was 0.2 M. 
When the NaCl concentration exceeded 0.43 M, any increase in NaCl 
concentration had no further effect on FI. This phenomenon could be 
explained by the combined effects of electrostatic double layer compression 
and particle aggregation. On one hand, compression of electrostatic double 
layer that happens at high conductivity would result in tighter bonding 
between particles and cake layer, which consequently increase the FI value. 
On the other hand, particle aggregation happening at high conductivity would 
lead to a more permeable cake layer formed by larger particles, and 
consequently, a decrease in the FI value. In fact, the effect of conductivity on 
FI was found to be even more significant than the effects of turbidity and 
biopolymers, which might be explained by the wide range of conductivity 
tested (from 49 to 2,782 ms/s) in this study. This wide range would result in a 
significant change in the status of electrostatic double layer and particle size, 
and hence a drastic difference in the FI value. In this case, the effect of 
conductivity on FI could overwhelm the effects of turbidity and organics. 
 










Conductivity Biopolymers Turbidity Calcium Magnesium
Variable importance
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The obvious effects of particles and organics on FI have been widely reported 
by previous studies (Park et al., 2006; Huang et al., 2009; Sim et al., 2010). FI 
was observed to increase with increasing particle and organics concentrations. 
Clearly, the increasing effect of particles on FI could be explained by the fact 
that a cake layer was formed on the filter paper when all particles were 
retained. However, the effect of biopolymers on FI has never been reported. In 
this study, the significant effect of biopolymers observed on FI indicated that 
the biopolymers, rather than total organics, would play a principal role on FI. 
It was because biopolymers, rather than overall organic matters, could be 
largely retained either by the filter paper or the formed cake layer in the FI test. 
In this case, increased particles and biopolymers concentrations would lead to 
an increased foulants loading, thus a higher FI. 
The influences of calcium and magnesium on the FI are observed to be minor 
in this study. The effects of these ions have been seldom reported by previous 
studies, possibly due to the weak interaction between divalent ions and 
membrane/cake layer compared with the strong drag force on calcium. 
Another explanation is that the effects of divalent ions on FI did not manifest 
due to the narrow testing ranges of calcium and magnesium concentration, 
specifically from 12.5 to 99.7 mg/L and from 0.7 to 14.0 mg/L, respectively. 
These ranges were chosen based on the quality of SEFs collected from 
practical treatment processes; hence, the obtained results were likely to 
represent their effects on the FI in practical application.  
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6.2.2 Combined Effects of Most Important Water Quality Parameters on 
FI 
The combined effects of the most important three parameters, namely turbidity, 
biopolymers and conductivity, on FI values were investigated using the 
method of response quadratic surface regression. This regression method was 
used because it could deal with the two-order main effects and two-way 
interaction effects of the variables (Hill et al., 2007). Based on the 42 data sets 
of various SEFs collected, three quadratic response surface regression 
equations illustrated in Eqs. 6.4, 6.5 and 6.6 were generated to interpret the 
combined effects of turbidity/biopolymers, turbidity/conductivity and 
biopolymers/conductivity on FI, respectively. R2 values of these regressions 
were adjusted to 0.6 that indicated the reliability of these regressions. They 
were further visualized by three-dimensional surface figures as shown in Figs. 
6.4, 6.5 and 6.6. 
de  8.0c/ 8 17816.6/ ' 255.4c   8 642.9c ' 45232.6 8 4676.2  (6.4)    
n= 18, R2=0.54, F=1.00, Fsignificant = 0.46     
                                                                                                                               
de   872.5c/ 8 0.01O/ ' 0.4c  O 8 210.8c ' 32.8O ' 11285.2        (6.5) 
n= 23, R2=0.53, F=1.32, Fsignificant = 0.30    
                                                                                                                                                                                                     
de  817276.1/ 8 0.003O/ ' 8.3  O ' 38613.0 ' 6.6O 8 4881.4  (6.6) 
n= 23, R2=0.59, F=1.84, Fsignificant = 0.16   
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where T, B, and C stand for turbidity, biopolymers, and conductivity, 
respectively.                                                                                                            
Figure 6.4 visualizes Eq. 6.4 and illustrates both the single and mutual effects 
of turbidity and biopolymers on the FI. It was observed that for samples with 
low turbidity and low biopolymers, the FI values were the lowest; for samples 
with high turbidity and high biopolymers, the FI values were the highest. In 
addition, it was also found that FI significantly increased with the increase of 
biopolymers and slightly increased with increasing turbidity when the 
biopolymers concentration was high. These observations suggest that 
biopolymers played a predominant effect on FI increase, while turbidity 
played a secondary increasing effect on the FI. These results gave further 
support to the results of the variable importance analysis, which reveals that 
biopolymers affected FI more significantly than turbidity. Moreover, it also 
suggests that the effects of biopolymers and turbidity on FI increase were 
synergized when the concentrations of biopolymers and turbidity were higher, 
which could be explained by the interaction between particles and 
biopolymers. When particles and biopolymers increased, a heterogeneously 
denser fouling layer was formed by the particles and biopolymers. Such dense 
cake layer could reject extra particles and organics that could not be rejected 
by the filter paper, which led to an increase of the FI. 
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Figure 6.4. Relationship between turbidity, biopolymers and FI. 
 
Figure 6.5 depicts Eq. 6.5 and illustrates the combined effects of turbidity and 
conductivity on the FI. Increasing turbidity obviously increased the FI; 
however, conductivity had opposite effects on the FI when the turbidity was 
different. FI increased with increasing conductivity when the turbidity was 
low and it decreased with increasing conductivity when the turbidity was high. 
These observations reinforced the effect of turbidity on FI increase, which 
agrees with the result of Fig. 6.4. The opposite effects of conductivity on FI 
could be explained by the combination effects of the compression of 
electrostatic double layer aggravating fouling and the aggregation of particles 
mitigating fouling. When the turbidity was low, the particle amount was so 
small that its size effect on the FI was insignificant; thus the interaction 
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between the foulants and membrane filter dominated the fouling process. In 
this case, the effect of compressing electrostatic double layer might 
overwhelm the effect of aggregating particles, which led to a positive response 
of FI to conductivity. In contrast, the negative response of FI to conductivity 
could be caused by the predominant effect of particle aggregation when the 
turbidity was high. In this case, size screening dominated the filtration process, 
and therefore the particle and colloidal status influenced the FI more 
significantly than interactions between foulants and filter paper. It leads to the 
effect of particle aggregation subduing the effect of electrostatic double layer 
compression.  
 
Figure 6.5. Relationship between turbidity, conductivity and FI. 
 
The single and mutual effects of biopolymers and conductivity on the FI 
illustrated by Eq. 6.6 were depicted by Fig. 6.6. It is observed that the FI 
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generally increased with increasing biopolymers concentration and 
conductivity. However, when the biopolymers concentration was low, the FI 
kept constant despite the variation of conductivity. This could be resulted from 
the weakened influence of conductivity on filtration and fouling behaviour 
because the particles and organics were scattered and the electrostatic force 
was weaker in the solution at low biopolymers concentration. However, when 
the biopolymers concentration was increased, the effect of electrostatic force 
on the FI started to manifest. Higher conductivity would lead to tighter 
bonding between foulants and membrane filter, resulting in higher FI. This 
explanation is partly supported by Jermann et al. (2008), who pointed out that 
the interaction between organics and membrane largely influenced the fouling 
propensity of the solution when the particle effect was excluded.  
 
Figure 6.6. Relationship between biopolymers, conductivity and FI.                                                                                
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6.3 Validation of FI Index by UF Membrane System 
6.3.1 Correlating FI to Overall Fouling Rate 
Overall fouling rate of UF systems was calculated as the difference between 
TMP values at the end and begining of each run over the filtration time. 
Overall fouling rates caused by 50 various SEFs samples at two flux levels in 
both lab-scale and pilot-scale UF units were correlated to their FI as shown in 
Figs. 6.7 and 6.8. It can be seen that feedwater with higher FI caused faster 
fouling rate in an obvious linear relationship with an average R2 value of 0.75. 
Besides, the slope of fouling rate versus FI curve in the pilot-scale system was 
steeper than that in the lab-scale system, suggesting that the impact of FI 
variation on fouling rate was less significant in the pilot-scale system due to 
scale-up effect. It indicates that patterns of correlation between the fouling rate 
and the FI were the same for systems with different scales, whereas the 
coefficients values in the correlation changed with system scale. Similar 
noticeable correlations between flux decline rate and fouling indices were 
reported by Choi et al. (2009) and Yu et al. (2010). However, these studies 
were not conducted under typical conditions that were used in full-scale 
membrane systems. It might undermine the reliability of the established 
correlation to assess membrane fouling behaviour. In this study, system using 
commercialized hollow fiber UF module was operated under typical operating 
conditions of full-scale unit, making the obtained correlation more practically 
applicable. 
It is also interesting to note that the slope of the fouling rate versus the FI 
curve was larger at higher flux, indicating that a rise in FI caused a more 
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obvious increase in fouling rate. It reveals that positive response of FI to 
fouling rate was more significant under higher flux. Roorda et al. (2005) 
explained this phenomena by the increased resistance of compressed fouling 
layer and subsequently amplified TMP increase caused by same feedwater.  
 
Figure 6.7. Correlation between FI and fouling rate in the lab-scale system.  
Flux=35 LMH
Fouling rate = 4.3(FI/1000) - 166.54
R2 = 0.8
Flux=40 LMH
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Figure 6.8. Correlation between FI and fouling rate in the pilot-scale system. 
 
6.3.2 Correlating FI to UFIs 
To validate the FI ability to predict reversible and irreversible fouling, UFIs of 
pilot-scale UF membrane system throughout one year were collected. 
Relationships between UFIs (including TFI, HIFI and CIFI) and feedwater FI 
at two flux levels were demonstrated in Figs. 6.9, 6.10 and 6.11, respecitvely. 
It is observed that the FI was linearly correlated with the TFI with a high 
average R2 value of 0.79 (Fig. 6.9). It indicates that feedwater with a higher FI 
vaule caused more severe total fouling. It is also noted that, in agreement with 
the result of overall fouling rate, the slope of the TFI versus FI curve was 
larger at higher flux, indicating that the variation in FI led to a more obvious 
change in TFI.  
Flux=40 LMH
Fouling rate=2.4(FI/1000) - 55.01
R2 = 0.6
Flux=35 LMH
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Figure 6.9. Correlation between FI and TFI in the pilot-scale system. 
 
From Figs. 6.10 and 6.11, a weak correlation between FI and HIFI as well as 
no correlation between FI and CIFI were observed, which indicates that the FI 
hardly interpret the physically and chemically irreversible fouling. This 
limitation of the FI could be explained by the difficulty in distinguishing 
reversible and irreversible under dead-end filtration mode employed in the FI 
test. Thus, further study could be conducted in developing cross-flow filtration 
mode of FI.  
FLux = 35 LMH
TFI = 3E-06 (FI) - 0.0293
R² = 0.8797
Flux =40 LMH
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Figure 6.10. Correlation between FI and HIFI in the pilot-scale system. 
 
 
Figure 6.11. Correlation between FI and CIFI in the pilot-scale system. 
 
To summarize, FI could be a suitable index to evaluate the overall fouling 
behaviour of large-scale UF units as a linear correlation between fouling rate 
and FI was found. The coefficient values in this corrleation were influened by 
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and chemically irreversibile foulants, thus it is not suitable for evaluating long-
term fouling development. However, it could still be used to design the 
capacity of large-scale membrane system and predict the impact of shock 
loading on overall fouling behaviour in the futher.   
6.4 Practical Use of FI  
6.4.1 Determining Threshold of UF Feedwater Quality  
One possible application of the FI is to determine the threshold of feedwater 
quality for UF system by utilizing the established relationship between the FI 
and the fouling rate that was described in Section 6.3. In order to calculate the 
maximum feedwater FI value (FImax.), the following information was collected 
first: (i) highest TMP limit for the membrane (TMPfoul) recommended by 
membrane supplier; (ii) initial TMP of UF membrane process (TMPinitial); (iii) 
designed filtration duration between two cleanings (T); and (iv) the correlation 
equation of fouling rate versus feedwater FI obtained from filtration runs, 
which could be written as Fouling rate = a × FI + b as shown in Figs. 6.7 and 
6.8. FImax. value was then calculated by substituting TMPfoul, TMPinitial, and T 
into the correlation equation as follows: 
de!W2.  :;K:;fffW: 8
*
W                                (6.7) 
where a and b are the coefficients in the linear correlation between fouling rate 
and FI. 
Using above approach, FImax. values for lab-scale (ZW1) and pilot-scale 
(ZW500d) systems were calculated and are shown in Table 6.2. It was found 
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that FImax. values for the both systems at lower flux were higher than those at 
higher flux, indicating that UF system operated at lower flux could accept the 
feedwater with higher fouling potential. In additions, FImax. value for the pilot-
scale system were close to that for the lab-scale system at similar flux, with a 
slight difference of 3 − 5%. It suggests that FImax. value obtained from the 
small-scale system might be used to predict that for the large-scale system 
under same operating condition. 
Table 6.2. Predicted maximum limits of FI for the UF feedwater. 
 ZW500d system ZW1 system 
Flux of system (LMH) 40 35 40 35 
TMPfoul (kPa) -40 -40 -65 -65 
TMPinitial (kPa) -18 -17 -16 -14 
T (min) 10 10 10 10 
A 2.4/1,000 1.4/1,000 7.4/1,000 4.3/1,000 
B -55.01 -17.47 -241.72 -166.54 
FImax. values of feed (s/L2) 77,086 105,338 73,205 108,498 
 
6.4.2 Predicting and Monitoring Fouling Development by FI and Flux 
To establish a fouling predicting model based on the feedwater FI and flux, a 
model-building dataset of 13 filtration runs fed by various feedwater 
characteristics at different flux level was designed according to the Box-
Behnken design as shown in Table 6.3. This design, which is a modified 
fractional factorial design, has been widely used to screen maximum number 
of factors with least number of experiments (Box et al., 1978). Various 
feedwaters were synthesized by manipulating the three most important 
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fouling-related parameters, namely turbidity, DOC and NaCl concentration 
(related to conductivity) as discussed in Section 6.2. For each filtration run, 
fouling development was assessed by the increment of fouling rate (v:;v: ) in 
one filtration cycle with operating time. In model establishment, feedwater FI 
and operating flux of listed filtration runs were measured and then correlated 
to the fouling rate acceleration (vgZ[+h- WXUv: ) by utilizing the method of 
quadratic response surface regression.  




Flux (LMH) Turbidity (NTU) DOC (mg/L) NaCl (mmol/L) 
1 36 17 23 83.4 
2 84 13 22 71.4 
3 36 43 25 76.4 
4 84 42 27 76.4 
5 36 8 43 148.3 
6 84 33 47 151.3 
7 20 19 32 108.3 
8 100 20 36 141.3 
9 60 8 36 145.3 
10 60 37 35 139.3 
11 60 20 37 131.3 
12 60 19 32 141.3 
13 60 19 35 136.3 
The established correlation involving the fouling rate acceleration, FI and flux 
is shown in the following equation:  
 dH@A7I ?$C




' 1.14  G@10 
/ ' 3.72 8 5  de  G@ 
                                            80.002  de 8 1.56  G@ ' 51.72                                           (6.8)                                         
ANOVA analysis for this regression reveals that R2 value was as high as 0.95 
and F value of 37.6 was larger than Fsignificant value of 2.44E-05, which implies 
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that this regression was reliable. It was also found that the P value for flux 
(equal to 0.003) was smaller than that for the FI (equal to 0.014), suggesting 
that the flux effect on fouling development was more significant than the FI.  
Furthermore, five additional filtration runs fed by various SEF samples were 
conducted and their results were used to create a validation dataset to verify 
the established statistical correlation. Its predicting capability of this model 
was investigated by comparing the predicted and measured fouling behaviour 
of validation dataset. A plot of measured versus predicted fouling rate 
acceleration is demonstrated in Fig. 6.12. It can be seen that the average error 
between the measured and predicted one for these five filtration runs was 
26.8%, suggesting that the established correlation can be used to 
approximately predict fouling rate evolution by flux and feedwater FI. This 
predicting methodology differs from previous mathematically complex and 
computationally expensive semi-empirical models that required a very detailed 
knowledge of fouling layer and were applied to ideal operating conditions 
defined by model assumption, which were not readily obtainable for large-
scale UF system (Al-Zoubi, 2007; Kim et al., 2009). In short, the established 
predicting model offers the advantage of easy adoption and a small prediction 
error. Thus it can be a reliable tool to predict fouling development in UF 
membrane system. 
Nevertheless, this predicting model needs to be further improved in terms of 
prediction accuracy. More efforts would be required on enlarging the model-
building database and hiring sophisticated statistical method to create a more 
accurate model. Moreover, it should be noted that the coefficients in the 
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regression correlation could be influenced by the operating scale and condition 
of system. Rectification for the coefficients value should be conducted by 
collecting experimental data obtained from specific membrane system. 
Otherwise, prediction error could be large. 
 
Figure 6.12. Plot of measured versus predicted acceleration of fouling rate for the validation 
data sets. The line on the plot is y=x. 
6.5 Summary 
In this study, the FI of SEFs with high fouling potential was measured by 
raising the operating pressure of existing fouling index tests from 30 to 40 psi. 
The repeatability and stability of FI test were improved due to the formation of 
a denser and more stable cake layer at a higher operating pressure.    
Turbidity, biopolymers and conductivity have been found to significantly co-
affect the FI value. Biopolymers concentration played a dominantly positive 
role in the FI and turbidity had a secondarily positive impact on the FI. Their 
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Chapter 6                                   Fouling Index and Fouling Predicting Approach to Evaluate 
UF Process Applied on Secondary Effluents 
195 
 
were high due to the formation of a heterogeneous denser fouling layer. The 
effect of conductivity on FI changed from positive to negative with turbidity 
increased, probably because that the dominant influencing process in FI test 
transferred from electrostatic double layer compression to particle aggregation. 
Additionally, the positive feedback of FI to conductivity manifested only 
when biopolymers concentrations were high, which can be explained by the 
effect of reducing electrostatic force on fouling development, excluding 
particle influence, that started to display and became dominant when the 
biopolymers concentration was increased.  
Validation of the FI was performed by correlating the feedwater FI and fouling 
rate of lab-scale and pilot-scale UF membrane systems using a 
commercialized UF module operated at typical conditions of full-scale process. 
A linear correlation between the FI and the overall fouling rate was found, 
indicating the reliability of using the FI for interpreting the SEFs overall 
fouling potential.  
A possible application of the FI was to determine the threshold for UF 
feedwater quality. The FImax. values obtained could be used to evaluate UF 
pre-treatment efficiency and to select an appropriate pre-treatment process. 
Additionally, a regression fouling predicting model was established based on 
the feedwater FI and the operating flux, with an average predicting error of 
26.8%. Such easily adopted model could be a promising fouling predicting 
approach applied in practical design and operation.   
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CHAPTER 7  
CONCLUSIONS AND RECOMMENDATIONS 
7.1 Conclusion 
This study was undertaken to identify the major foulants in the domestic and 
industrial SEFs as UF feedwater and investigate their effects on UF fouling 
development based on the results obtained from the flat sheet UF system. In 
addition, reversibility of such major foulants was studied in a hollow fiber UF 
system, and the influences of water characteristics on their reversibility were 
examined. Lastly, a fouling index was established to predict fouling propensity 
of SEFs, and then validation and application of the built fouling index were 
performed in both lab-scale and pilot-scale UF units. The following 
conclusions can be drawn from the experimental results obtained in this study.  
7.1.1 Major Foulants in SEFs 
Various domestic and industrial SEFs were filtered by the flat sheet UF 
membrane; and for each filtration run, removal performance, fouling 
developments, mass transmission and accumulation were investigated. It was 
found that the UF membrane could largely reject particles with size larger than 
0.3 µm due to size screening and dissolved organic matters with large MW 
ranging from 15 to 300 kD. The LC-OCD analysis revealed that the 
biopolymers were largely rejected by size screening; whereas HOC, humics, 
building blocks and LMW neutrals were marginally removed due to the 
interaction between them and membrane as well as fouling layer. The EEM 
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results showed that the fulvic and humic acid-like substances were partially 
removed. The ions were hardly removed by UF membrane, but the ionic 
distributions were slightly changed due to pH variation between feed and 
permeate. These results can shed some lights on major foulants as only the 
rejected components can potentially contribute to foulants. 
Over the filtration run, TMP increased rapidly and linearly with filtration time 
(around 60 h) after an initial period of slow TMP raise (2 − 3 h), which 
suggested that cake filtration was the dominant process. It was also found that 
the rejection of biopolymers increased with filtration time due to the reduction 
in cake layer permeability and narrowing of the membrane pores. The 
rejection of humics initially increased but subsequently decreased, which 
might be attributed to initial adsorption and subsequent desorption of them 
when the saturation status of adsorption was achieved. At the end of the dead-
end filtration run, analysis of the bulk solution illustrated that the particles and 
biopolymers accumulated substantially except low molecular weight organics. 
Such significant accumulation in the bulk solution could hinder the back-
transportation of foulants on and near the membrane surface, leading to a TMP 
increase. 
Furthermore, foulants on and in the fouled membrane were desorbed and 
analyzed. It was found that physical and following chemical cleaning 
recovered around 88 and 8% of membrane permeability, respectively. The 
physically reversible foulants were found to be mainly comprised of particles, 
biopolymers and divalent ions. Organic as well as inorganic particles with 
elements of Al, Si, Ca and Fe aggregated together and deposited on the 
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membrane surface. Besides biopolymers, a relatively small amount of LMW 
substances, except humics, were also observed to exist in the physically 
reversible fouling with a smaller amount. On the other hand, physically 
irreversible foulants were substantially contributed by LMW substances 
especially those with hydrophobic characteristics. These results provided the 
information of the actual foulants on and in the membrane. 
Moreover, the effects of water quality parameters relevant to membrane 
fouling were investigated. The influence of turbidity on fouling rate was 
pronounced because of the dominant contribution of particles to fouling layer. 
Biopolymers played a more crucial role on fouling than LMW organics, 
indicating that the characteristics, rather than the amount of dissolved organics 
would determine the fouling development. High conductivity of feedwater 
exacerbated membrane fouling due to reducing electrostatic repulsion between 
foulants and foulants as well as foulants and membrane. However, the effect of 
calcium on TMP rise was minor in this low-pressure UF membrane system 
due to the small amount and loose structure of the formed calcium-organic 
foulants. These results can help to determine the requirement of UF feedwater 
quality and guideline of pretreatment process selection. 
Lastly, morphology analyses were conducted for both the fresh and fouled 
membrane. SEM images confirmed that membrane fouling was attributed to a 
reduction in the effective pore size and an increase in the cake layer formation. 
AFM results suggested that fouled membrane surface became rougher. CLSM 
results showed that polysaccharides and protein-like substances were prone to 
deposit on the membrane surface and in the deeper membrane structure, 
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respectively. These results provide the important insights into fouling 
mechanism. 
7.1.2 Reversibility of Foulants in SEFs 
A hollow fiber UF membrane system with backwashing and air scouring was 
used to investigate the characteristics of reversible and irreversible fouling. 
The observed high removal of particles and low removal of dissolved organic 
matters were similar to those in the flat sheet system. The removal of 
biopolymers (average 40%) and inorganic colloids (average 38%) were 
significant due to size exclusion. The removal of humics, HOC, building 
blocks and LMW neutrals were as low as 3 to 8%, and this removal of such 
small organics proved to be mainly caused by cake layer retaining. Over the 
filtration, particles, biopolymers and inorganic colloids, except small organics, 
significantly accumulated in the bulk solution, which was in line with the 
results obtained from the flat sheet membrane system. Unlike the situation in 
the flat sheet system, stable rejection of biopolymers was observed, suggesting 
the periodic removal of cake layer by backwashing together with air scouring. 
By studying the distribution of foulants in the bulk solution and the membrane 
fouling layer, biopolymers, inorganic colloids and calcium were found to be 
more prone to transport back into the bulk solution, rather than staying on the 
membrane surface, indicating their higher hydraulic reversibility than the other 
components such as building blocks and LMW neutrals. 
Foulant analysis revealed that above 86% of foulants could be physically 
removed, and the remaining foulants could be almost removed by the 
subsequent chemical cleaning in the hollow fiber membrane system. 
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Physically reversible foulants were primarily attributed to: i) organic particles, 
biopolymers and inorganic particles/colloids (poly hydroxides or oxide 
hydrates of Al, Si and Ca) due to sieving effect; and ii) small organics due to 
cake layer retaining and calcium via formation of organic-ion complex. 
Physically irreversible but chemically reversible foulants were mainly 
comprised of: i) organics with smaller size and higher hydrophobicity such as 
building blocks and LMW neutrals due to pore blocking and adsorption; and ii) 
biopolymers and inorganic colloids in a small amount via the tight adhesion of 
the complex formed by them together with small organics to membrane 
surface.  
Moreover, the total, hydraulically and chemically irreversible fouling were 
quantitatively assessed by the TFI, HIFI and CIFI, respectively. It is found that 
values of these UFIs were specific to different water samples and they could 
be correlated to the fouling behaviour and reversibility of the UF membrane 
system. The ratio of HIFI/TFI and CIFI/TFI could be used to compare the 
reversibility of the fouling, and the HIFI could be a useful indicator to assess 
the fouling development of long-term operating UF system.  
The effect of feedwater characteristics (including bacteria, organic and 
inorganic constituents) on reversible and irreversible fouling assessing by 
UFIs was investigated. Pertaining to the effect of bacterial number on UFIs, it 
was found that the TFI for the filtration run fed by SEF with disinfection (HPC 
counts of 1E+01 cfu/mL) was similar to that without disinfection (HPC counts 
of 5.2E+04 cfu/mL), but the HIFI decreased by 70%. This indicates that the 
bacterial activity hastened the development of hydraulically irreversible 
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fouling, which could be explained by the enhanced interaction between 
fouling layer and membrane surface via EPS excreted during bacteria 
activities.  
Additionally, the effects of organic and inorganic constituents on UFIs were 
studied by using the analysis of reverse experimental design. The TFI and 
CIFI were found to be primarily influenced by biopolymers due to their large 
deposition on the membrane surface and strong interaction with other 
components and membrane surface, while the HIFI was most significantly 
impacted by turbidity that might be explained by the increasing pressure 
exerted on the membrane and reducing the reversibility of fouling layer. The 
effects of conductivity on the TFI and HIFI were the most pronounced, 
whereas the CIFI was primarily influenced by magnesium due to the 
formation of organic-magnesium complex. Such effects could be explained by 
the reduction in repulsion force between foulants and membrane surface. 
Besides, the mutual effects of biopolymers/LMW organics and 
magnesium/conductivity on the UFIs were the most obvious among the mutual 
effects of other pairs.  
The above results imply that the components largely existed in the extracted 
foulants do not necessarily cause the most significant fouling; therefore, the 
effects of foulants on fouling development should be quantified. The statistic 
tool of reverse experimental design can analyze and compare the individual 
and combined effects of tested water quality parameters on fouling, based on 
the data pool obtained from membrane system fed by uncontrolled SEFs. Such 
results might be more comparable to the UF fouling behaviour in industrial 
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application. The selected detrimental parameters for both reversible and 
irreversible fouling might be crucial parameters influencing the UF fouling 
behaviour, and therefore, a pre-treatment targeting these components could 
effectively mitigate fouling.  
7.1.3 Fouling Indices and Fouling Predicting Approach 
FIs of SEFs with high fouling potential could be measured by raising the 
operating pressure of existing fouling index tests from 30 to 40 psi. This 
approach improved the repeatability and stability of the FI test because of the 
formation of a denser and more stable cake layer. The FI was found be 
influenced significantly by turbidity, biopolymers and conductivity. 
Biopolymers and turbidity played a dominantly and subordinately positive role 
on the FI, respectively; and their positive effects was amplified when 
biopolymers concentration and turbidity were high due to the formation of a 
heterogeneous denser fouling layer. The effect of conductivity on the FI 
changed from positive to negative with turbidity increased, probably because 
the dominant influencing process in FI test had transferred from electrostatic 
double layer compression to particle aggregation. Additionally, the positive 
feedback of FI to conductivity manifested only when biopolymers 
concentration was high, which can be explained by the effect of reducing 
electrostatic force on fouling development, excluding particle influence, that 
started to display and became dominant when the electrostatic force between 
biopolymers was strong enough to form electrostatic double layer. 
Validation of the FI was performed by correlating the feedwater FI and the 
fouling rate of lab-scale and pilot-scale UF membrane systems using a 
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commercialized UF module operated at a typical condition of full-scale UF 
process. A linear correlation between the FI and the overall fouling rate was 
found, indicating the reliability of the FI used for interpreting SEFs overall 
fouling potential.  
A possible application of the FI was to determine the threshold for UF 
feedwater quality. The FImax. defined in this study is promising when used to 
assess the efficiency of pre-treatment for UF and select an appropriate pre-
treatment process. The FI was also used to establish a regression fouling 
predicting model together with operating flux, with an average predicting error 
of 26.8%. Such easily adopted model could be a promising fouling predicting 
approach applied in practical design and operation.   
7.2 Recommendations 
7.2.1 Identification of Foulants Using Advanced Techniques 
The experimental results show that the existing analytical techniques failed to 
accurately and completely identify the compounds in the foulants. The general 
physical-chemical parameters were useful for daily maintenance of membrane 
system, but not in understanding the fouling mechanism. The advanced 
techniques, such as LC-OCD and EEM without severe destruction of the 
targeted components, could only give the information of organic groups. 
However, they failed to provide molecular and structural information of the 
components, which leads to the limitation in explaining the interaction force 
between foulants and foulants as well as foulants and membrane. Another type 
of techniques, such as prolysis GC/MS and LC/MS, could identify the 
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molecular and structural information by detecting the specific fragments; 
however, it changes the structure of components, resulting in the deduced 
fingerprint may not reflect the exact relative proportions of the targeted 
components in the original samples. Lastly, the available techniques of 
analyzing the dried foulants and membranes surface, such as SEM-EDS and 
FTIR, could merely provide information of element or functional groups, 
rather than compounds, causing the incomplete understanding of the foulants 
deposited on the membrane surface. Hence, more advanced analytical 
techniques are required to extend the foulant characterization to the specific 
compound level. A combination of LC-OCD and GC/MS technologies might 
give specific information about compound and structure of the foulants.   
7.2.2 Application of CLSM to Investigate the Fouled Hollow Fiber 
Membrane Morphology 
In Chapter 4.5, CLSM was used to capture a three-dimensional image of 
fouled flat-sheet UF membrane with the probes targeting proteins and 
polysaccharides. The results have provided the evidence that polysaccharides 
and protein-like substances were likely to attach to the membrane surface as 
well as retain in the membrane structure. CLSM is proposed to be a useful tool 
in characterizing fouling layer and fouling in the membrane (Chen et al., 2006; 
Ng, 2010). 
However, CLSM has not been successfully applied for hollow fiber 
membranes in this study. It is because that the membrane sample preparation 
method of flat sheet membrane did not work for that of hollow fiber 
membrane. A new sample preparation method has to be explored with new 
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membrane sample support (chambered cover-glass well). The establishment of 
this new method is supposed to take at least half a year. Since this point is not 
the main objective of this study and with time constraint, the spatial 
distribution of protein and polysaccharides in hollow fiber membrane structure 
has not been obtained. To better understand and provide the evidence to 
foulants distribution in the membrane, it is interesting to use CLSM to scan the 
fouled hollow fiber membrane. Yun et al. (2006) reported a successful 
application of CLSM in scanning hollow fiber membrane samples and found 
that the thickness of biofilm and uniform distribution of EPS in the biofilm. 
Bjørkøy et al. (2009) used CLSM and obtained interesting hollow fiber 
biofilm information, such as thickness, volume of biomass, porosity and 
roughness of biofilm. These results show that CLSM is a promising tool in 
characterizing fouled hollow fiber membrane morphology. It is worthy to 
establish a protocol of sample preparation for hollow fiber membrane, and 
explore the foulants distribution on and in the membrane with probes targeting 
various organics. 
7.2.3 Using Statistic Tools to Investigate Major Foulants 
In Chapter 5.5, reverse fractional factorial analysis was used to select the most 
important foulants and the obtained results were in agreement with the results 
obtained from experiments, indicating statistic analysis could be a reliable and 
useful tool to explain the results from natural and complex water samples. 
However, it is still in an infant stage as certain results from this statistic 
analysis were not able to be explained by theoretical principles. In Fig. 5.16, 
the negative effects of organic fractions on UFIs were contradictory to the 
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previous experimental results in Chapter 5.3, which indicated that these 
organic fractions contributed to the physically and chemically reversible 
foulants.   
The greatest problem of this method is that it can work only when the tested 
experimental data fit the pattern of orthogonality and the required effects are 
not confounded, which could not be guaranteed by using uncontrolled water 
samples.  In this study, only 25% of total records were orthogonal data and 
used, which illustrates a low usage of the experimental data. The neglect of the 
rest 85% of total records might lead to ignoring the effect of those outstanding 
observations. The input factor combinations of this method are orthogonal and 
so equally spaced from the centre of the factor space. However, an observation 
possesses greater influences if it belongs to a less-represented factor 
combination, which is ruled out in this method (Loy et al., 2002).   
Additionally, this method could not directly generate a mathematic model 
which could interpret the correlation between factors and observations. Only 
one example of generating statistic model between factors and observations 
was illustrated by Loy et al. (2002), and more examples are needed before its 
wide application.   
Based on the above weaknesses, this reverse experimental design has been 
seldom used in analyzing data in academic and industrial application. Rather, 
it is useful in helping to screen important factors in the early stages of 
analyzing an already available database with uncontrollable input factors. 
Thus, the need of improving reverse experimental design and developing more 
appropriate statistic tool still remains.  
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7.2.4 Application of Fouling Index 
The findings from this study showed that the approach of using fouling index 
to predict fouling propensity of feedwaters needs to be improved firstly in the 
aspect of prediction accuracy. Considering the time constraint, limited 
database was obtained to establish the fouling predicting model based on the 
FI of feedwater and operating flux that resulted in the prediction error. 
Moreover, the coefficients in the established model need to be rectified if there 
is any change in operating condition or characteristics of the membrane 
module. Thus, more efforts should be made on enlarging the model-building 
database that obtained strictly at a typical condition of large-scale system, as 
well as exploring a more sophisticated statistic method to create a more 
comprehensive model. 
The established FI failed to differentiate the reversible and irreversible fouling. 
It is proposed to improve the FI by adaption to membrane system operation 
conditions: with backwash and chemical cleaning. Sim et al. (2010) and (2011) 
reported CIF-MFIUF measured by cross-flow sampler; however, this index 
was influenced by applied flux and cross-flow velocity. It has shed some light 
on improving the established FI tool by modifying sampler and with a longer 
test period.  
Lastly, the application of this FI tool to optimize the pretreatment is necessary 
to investigated by conducting the experiment of pre-treating the SEF with 
various processes, such as coagulation/flocculation (Shon et al., 2004), sand 
filtration (Ernst et al., 2008), bio-filtration (Zheng et al., 2011) and so on. The 
efficiencies of these pre-treatment for specific foulants, such as particles, 
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biopolymers, cations and so on are needed to be studied. The FI values of SEF 
after pre-treatment are then correlated to the UF membrane performance, and 
select the optimal pre-treatment, accordingly. 
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